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tages, coincident with move- 
rdia across the extracellular 
by elongation of the embryo 
in the anterior- posterior axis 11 . Stretching the ectodermal sheet 
to which the fibrils are attached could align the fibrils parallel 
to the axis of elongation. Second, there could be quantitative 
or qualitative differences from left to right either in extracellular 
matrix components or factors anchored to it which are elimi- 
nated by a perturbation of normal matrix deposition. In other 
systems, a number of growth factors are known to be sequestered 
in the extracellular matrix 23 . □ 
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The protein Lck (p56 k *) has a relative molecular mass of 56,000 
and belongs to the Src family of tyrosine kinases 1 ™ 3 . It is expressed 
exclusively in lymphoid cells, predominantly in thymocytes and 
peripheral T cells 4 * 5 . Lck associates specifically with the cytoplas- 
mic domains of both CD4 and CD8 T-cell surface glycoproteins 6 ' 7 
and interacts with the 0-chain of the interleukin-2 receptor 8 , which 
implicates Lck activity in signal transduction during thymocyte 
ontogeny*" 13 and activation of mature T cells 14 " 19 . Here we gener- 
ate an lck null mutation by homologous recombination in embry- 
onic stem cells to evaluate the role of p56** in T-cell development 
and activation. Lck-deficient mice show a pronounced thymic 
atrophy, with a dramatic reduction in the double-positive 
(CD4*CD8*) thymocyte population. Mature, single-positive thy- 
mocytes are not detectable in these mice and there are only very 
few peripheral T cells. These results illustrate the crucial role of 
this T-cell-spectfic tyrosine kinase in the thymocyte development. 

For homologous recombination, a replacement-type vector 
(PmickBSNeo2.3) was constructed (Fig. la) and introduced 
into D3 embryonic stem cells by electroporation. Six indepen- 
dently targeted embryonic stem cell lines were generated. The 
average frequency of homologous recombination was about 1 
in 2 x 10 7 electroporated cells and 1 in 130 G4 18- resistant clones. 
Southern blot analysis confirmed the homologous recombtna- 
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tion event (Fig. 16). Germ-line transmission of the lck disruption 
was obtained with two embryonic stem cell lines. Heterozygous 
mice were inbred to obtain mice homozygous for the disrupted 
lck gene. 

Although mice homozygous for the disrupted lck gene are 
expected to lack p56 ,c \ it was conceivable that part of the Lck 
protein to the amino-terminal side of the mutation could still 
have been expressed. Therefore for western blotting we used a 
rabbit antiserum directed against the N-terminal end of Lck, 
using either thymic (Fig. 2a) or lymph node cell lysates (data 
not shown). No Lck protein, either full-length or truncated, was 
detected in homozygous mutant mice. In addition, immune 
complex kinase was assayed using a different rabbit anti-Lck 
antiserum and there was no detectable p56 ,f * kinase activity in 
homozygous mutant mice (Fig. 26). 

Heterozygous mutant mice appeared healthy; their lymphoid 
organs and thymocyte and peripheral T cell populations were 
normal (data not shown). But CD4 staining of peripheral blood 
lymphocytes showed a consistent decrease in fluorescence 
intensity (Fig. 3a); this decrease was not seen on CD4 + thy- 
mocytes, nor was there any downregulation of CD8 expression 
(data not shown). 

Lck-deficient mice appeared healthy and fertile under specific 
pathogen-free conditions. Spleen and lymph nodes were normal 
in size but we observed considerable thymic atrophy; conven- 
tional histology showed a thymic cortex sparsely populated with 
lymphoid cells and a very tiny medulla (data not shown). Thus 
thymic atrophy is associated with a decrease in the thymocyte 
population (6x 10 6 -2x 10 7 cells versus 2x 10 s for normal litter- 
mates), consisting of 20-40% double negative (CD4"~CD8~) and 
60-80% double positive (CD4*CD8 + ) thymocytes. The number 
of double negative thymocytes is similar to that of normal 
littermates (3x 10 6 -6x 10 6 ), but there is a dramatic reduction 
in^double-positive thymocytes (0.3 x 10 7 -1.6x 10 7 versus 1.8 x 
10 8 for normal littermates), evident in mice from 10 days to 8 
weeks old. Neither CD4*CD8- nor CD4"CD8* single-positive 
thymocytes were detectable in homozygous mutant mice 
(Fig. 36). 

The double-negative thymocyte population is Thy-1* CD3 
(low-intermediate), with the presence of a Jl Id (high), inter- 
leukin-2(IL-2) receptor a-chain-positive subpopulation (40% of 
double-negative thymocytes). The double-positive thymocyte 
population does not contain CD3 (low) ceils and there is, on 
average, increased CD3 expression at intermediate to high 
levels: 25% of the CD3 + cells have an expression level similar 
to that of normal CD3 (high), single-positive thymocytes 
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FIG. 1 Disruption of Ick gene by homologous recombination. 
a. Schematic diagrams of the targeting vector 
(PmlckBSNeo2.3), the Ick focus in parental D3 cells (wild-type 
Ick). and the predicted structure of the disrupted Ick locus 
(mutant Ick). The neomycin-resistance gene {neo R) cassette 
contains 1.2 kilobases (kb) derived from the Xnol-Sa/I frag- 
ment of plasmid pMClPolA (ref. 28) and was inserted into a 
$al\ site created at a previous BspMII site in exon 12 of the 
Ick gene. 110 base pairs (bp) upstream of the codon corres- 
ponding to Tyr 505. The 2.3 kb of genomic Ick in the targeting 
vector was obtained by screening of a mouse (BALB/c) 
genomic library with a human Ick complementary DNA probe 2 . 
Electroporation of the D3 embryonic stem cells and screening 
for homologous recombination were done as previously 
described 25 - 26 . A primer specific for the neo cassette in the 
neomycin-resistance coding sequence (5'-TATCAGGACA- 
TAGCGTTGGCTACCC-3'), and another antisense primer 
specific for exon 12 of Ick, 3' of the targeting vector (5- 
CTTAGACTCACGTGCTCCACAGGTA-3'). were used in the poly- 
merase chain reaction (PCR) to detect homologous recombi- 
nation; Ick cONA sequences spanning exon 12 were used as 
a probe in this PCR detection method (data not shown), b. 
Southern blot analysis of the structure of the Ick locus in parental D3 cells 
(ES) and two targeted cell lines (56b3 and 5gb5). Genomic DNA was digested 
with tf/ndlll and probed using the 3' flanking probe (600 bp EcoRI-HFndHI 
fragment). In cases of homologous recombination, a 3-kb fragment is 
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detected from the disrupted Ick allele, instead of a 1.8-kb fragment from 
the wild-type allele. The same profile of hybridization was observed using 
the targeting vector as a probe, whereas probing with the neomycin-resist- 
ance gene showed only the single 3-kb fragment (data not shown). 



(Fig. 36). The drastic reduction of double-positive thymocytes 
may reflect an inability of this cell population to enter the cell 
cycle. However, propidium iodide staining 20 of thymocytes from 
4-week-old homozygous mutant mice showed a cell-cycle profile 
similar to that of normal littermates (+/+; ref. 21): about 20% 
of thymocytes were in the S or G2 + M phase of the cell cycle 
(data not shown). 

Although the overall numbers of cells in lymph nodes and 
spleens are normal, a dramatic inversion in the B/T cell ratio 
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was observed: 90 to 95% B cells and 5 to 10% T cells (Fig. 3c). 
Peripheral T cells are positive for Thy-1, CD3 and for the ot- 
and P- chains of the T-cell antigen receptor (TCRor0 + ) and 
expression of CD4 or CD8 (Lyt2-Lyt3 heterodimer; Fig. 3d) is 
decreased. One per cent of the lymph node population are 
TCR*y5 + T cells (data not shown). 

Proliferative responses of peripheral T cells to mitogenic 
stimuli were identical for both normal and heterozygous mutant 
mice (data not shown). Tcells from Lck-deficient mice exhibited 

FIG. 2 Analysis of p56 ,£ * expression and activity, a, Immunoblot quantitation 
of p56** protein. Thymocyte lysates (100 /zg) are shown from homozygous 
mutant (-/-: lane 1). heterozygous mutant (+/-; lane 2). and wild-type 
mice (+/+; lane 3h lanes 4-9, titration of wild- type (+/+) thymocyte lysate 
(50. 25. 12.5, 6.25. 3.12 and 1.6 u.g. respectively). Autoradiograph exposure 
time was 15 h. Quantitation of the bands revealed that the amount of p56** 
in the heterozygous mutant mouse cell lysate (lane 2) was roughly half of 
the amount in wild-type mouse lysate (lane 3). b, Immune complex kinase 
assay of p56** activity. The tyrosine kinase activity of p56** (autophos- 
phorytation) was assessed using Ick immune-precipitates from cell lysates: 
150 u.g thymocyte lysates from homozygous mutant (-/-; lane 1), heterozy- 
gous mutant (+/-; lane 2), and wild-type mice (+/+; lane 3h lanes 4-6. 
titration of the wild-type (+/+) thymocyte lysate (75. 37.5. and 18.8 u.g. 
respectively). Autoradiograph exposure time was 15 h. Quantitation revealed 
that the kinase activity in the heterozygous mutant mouse cell lysate (lane 
2) was roughly half of the wild-type activity (lane 3). Positions of markers 
of known molecular weight and the postion of pSS** are indicated on the 
left of each figure. 

METHODS. Immunoblot analysis: Thymic and lymph nodes cells of 3- 4- week- 
old mice were washed in PBS and lysed in TNE buffer (50 mM Tris. pH 8.0. 
1%NP40. 2mMEDTA) supplemented with protease inhibitors and phos- 
phatase inhibitors as before 14 . Defined amounts of proteins from cellular 
lysates were denatured in sample buffer, boiled and resolved by 8% SOS- 
PAGE. Proteins were electrophoretically transferred to nitrocellulose and 
analysed for p56** expression using a rabbit antiserum generated against 
a fusion protein containing amino acids 2-148 of the murine p56** 
sequence 16 . Bands were cut from the nitrocellulose blot and counted in a 
-y-counter. Immune complex kinase assay: p56** was recovered from cell 
lysates using a rabbit anti-Lck antiserum directed against amino acids 
39-64. After collection on formalin-fixed Staphylococcus aureus (Pansorbin, 
CalBiochem), immune complexes were washed and resuspended in kinase 
buffer 14 . Kinase reactions were performed for 2 min at room temperature 
with constant shaking in 25 p.1 kinase buffer containing 1 \i.M in labelled 
ATP, 12.5 p-CI [ y- 32 P)-ATP (3.000 CI mmol -1 ; NEN). Reactions were stopped 
by addition of 1 ml lysis buffer, washed three times, and resuspended in 
sample buffer. Phosphorylated polypeotides were subsequently resolved on 
8% SOS-PAGE gels. 
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* a proliferative response, albeit reduced, to both CD3 and TCRa0 
crosslinking (Fig. 4a), demonstrating that Lck is not indispen- 
sable for the TCR-CD3 signalling pathway and may act as a 
signal amplifier 16 . In addition, the enhanced response to CD3 
or TCR crosslinking in the presence of IL-2, as well as the 
response to IL-2 alone (Fig. 4a), suggests that p56 ,ck is not 
indispensable for the IL-2 signalling pathway 8 . The responses 
to phorbol ester and ionomycin treatment were identical in 
\ormal and Lck-deficient T cells. 

Evaluation of serum immunoglobulin levels revealed an 
increase in IgM, a significant decrease in IgG, , and a marginal 
increase in IgG 2a and IgG 3 isotypes in homozygous mutant mice 
(Fig. 46), representing an immunoglobulin profile comparable 
to that seen in the absence of T-helper cell function (for example, 
major histocompatibility complex class II-deficient mice 22 and 
IL-4-deficient mice 23 ). Splenic B cells responded normally to 
lipopolysaccharide (Fig. 46), however, demonstrating that the 



lack of lck does not interfere with T-independent B-cell function. 

The profound perturbation of thymocyte development in Lck- 
deficient mice underlines the crucial role of this kinase in T-cell 
ontogeny, because the other T-cell-specific tyrosine kinases, 
pS9 fynT and p62 yw , are unable to compensate for the absence 
of p56 /ck . This lack of functional redundancy is surprising in 
light of the paucity of abnormalities present in Src-deficient 
mice 24 and the observation of normal thymocyte development 
and peripheral immune responses in mice lacking fyn (P. Stein 
and P. Soriano, personal communication). 

The interaction between p56 ,c * and the accessory molecules 
CD4 and CD8 in double-positive thymocytes 11 , as well as the 
enhancement of Lck activity upon CD4 crosslinking 16 , suggest 
that the impairment of thymocyte maturation in Lck-deficient 
mice reflects an inability of CD4 and/or CD8 to transduce their 
signal(s). But both CD4-deficient and CD8-deficient mice have 
normal thymic architectures and no decrease in the total number 
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FIG. 3 Row cytometric analyses of a, peripheral blood; b, thymocytes; and 
CO, lymph node cells from 3-4-week-old wild-type (+/+). heterozygous 
(+/-) and homozygous (-/-) mutant mice derived from the 5gb5 embryonic 
stem cell line. 

(METHODS. Single-cell suspensions from red blood cell-depleted peripheral 
blood, thymus and lymph nodes were prepared and 2-5 x 10 s cells were 
stained with monoclonal antibodies for 45 min at 4 °C in 100 u.1 PBS contain- 
ing 1% BSA and 0.1% sodium azide. Cells were then washed with PBS and 
analysed by double-colour flow cytometry on a FACScan (Becton Dickinson). 
Monoclonal antibodies used were anti-Lyt-2 (53-6.7. Becton Dickinson). 
anti-L3T4 (GK1.5. Becton-Dickinson). anti-CD3 (145-2C11. PharMingen). anti- 
Thy 1.2 (30H12. PharMingen). and anti -surface mu (Sigma). 
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of thymocytes 25,26 . Therefore, an inability to signal through CD4 
or CD8 cannot be considered as the main factor responsible for 
the thymocyte developmental defect in Lck-deficient mice. 

Whereas CD4- and CD8-mediated signals are considered 
important during positive selection 12 * 13 , the signalling path- 
way^) involved in the prior phase of expansion of the double- 
positive thymocyte population are still unknown 27 . The drastic 
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reduction in the number of double-positive thymocytes observed 
in Lck-deficient mice therefore implicates p56 ,ck in the signalling 
pathway required for this expansion phase, but does not exclude 
the possibility that p56 /cfc - mediated signals are also important 
during thymic selection events. □ 
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FIG. 4 Analyses of peripheral T-cell and B-cell function, a. Proliferative 
responses of peripheral T cells from normal <+/+) and Lck-deficient (-/-) 
mice. Values represent mean of triplicate cultures ± standard deviations. 
This experiment is representative of four different experiments, b, B-cell 
responses in normal (+/+) and Lck-deficient (-/-) mice. Serum immuno- 
globin levels and splenic cell lipopolysaccharide (LPS) responsiveness were 
analysed by a modified enzyme-linked immunosorbent assay and an agar 
colony assay, respectively. 

METHODS. T cell proliferation: Lymph node and splenic T cells from normal, 
heterozygous (data not shown), and homozygous mutant mice were purified 
using nylon wool and cultured in flat-bottomed 96-well plates at a concentra- 
tion of 5 x 10 4 T cells per well (as measured by Thy-1 and C03 staining on 
FACScan). For crossMnking experiments plate-bound antibody stimulation 
was used and 10 6 irradiated (3,000 rads) spleen cells were added. Before 
stimulation with anti-CD3 (2C11) and anti-TCRa/3 (H57-597) antibodies, 
plates were coated overnight with purified rabbit anti-hamster IgG 
(10 p.g mL" 1 ). Concentrations used were 20 units per ml recombinant inter- 
leukin-2 (Roche), 10 ng ml" 1 phorbol 12-myristyl 13-acetate (PMA; Sigma) 
and 400 ng ml" 1 ionomycin (CatBiochem). Ceils were cultured for 3 days in 
IMDM medium with 10% FCS, pulsed with 1 ^Ci [^thymidine on day 3 and 
collected 9 h later. B cell responses: The immunoglobulin isotypes in 5-week- 
old homozygous mutant (-/-) and age/sex-matched normal (+/+) mice 
were determined by a panel of mouse isotyping antibodies (Bio-Rad), accord- 
ing to the manufacturer's protocol, using eera diluted 100 times in PBS. 
The frequency of lipopolysaccharide-responsive splenic cells was determined 
by a double-layer agar culture assay 29 . Spleens of homozygous mutant mice 
contained, on average, -30% more B cells (data not shown). Optical densities 
are given in arbitrary units. 
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Purified major histocompatibility complex (MHC) class I 
molecules have been studied at high resolution by X-ray crystal- 
lography 1 ; the structure is a complex of a single heavy chain, a 
^-microglobulin light chain and a tightly bound peptide moiety. 
We show here that complete MHC class I molecules are post- 
translationally assembled into tetramers (made up of four heavy 
chains and four /^-microglobulin units) and that this tetrameric 
species is expressed on the cell surface. The multivalent tetrameric 
structure of class I molecules can be reconciled with models of 
T-cell activation that invoke antigen-receptor cross! inking, as 
opposed to models that depend on an allosteric change. 

Lymphoid cell lines were metabolically labelled and lysed 
with 1% digitonin with or without a cleavable crosslinking 
reagent. MHC class I molecules were immunoprecipitated from 
control and crosslinked lysates and samples analysed on non- 
reducing, reducing and two-dimensional non-reducing/ reduc- 
ing polyacrylamide-sodium dodecyl sulphate gels. On non- 
reducing gels, in addition to a free heavy chain band migrating 
at a position corresponding to an M T of 45,000 (45 K), and a 
60K. heavy chain-0 2 microglobulin complex, a species of 240K 
was seen (Fig. 1, lanes 3 and 5). This band was not observed 
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The tyrosine kinase p561ck (Ick) is essential for T cell activation; thus, inhibitors of Ick have 
potential utility as autoimmune agents. Our initial disclosure of a new class of Ick inhibitors 
based on the phenylaminoimidazoisoquinolin-9-one showed reasonable cellular activity but did 
not work in vivo upon oral administration. Our current work highlights the further use of 
rational drug design and molecular modeling to produce a series of Ick inhibitors that 
demonstrate cellular activity below 100 nM and are as efficacious as cyclosporin A in an in 
vivo mouse model of anti-CD3-induced IL-2 production. 



Tyrosine kinases play an essential role in the regula- 
tion of cell signaling and cell proliferation by phos- 
phorylating tyrosine residues of peptides and pro- 
teins. 1 " 3 We have been exploring a novel series of 
molecules that inhibit the catalytic activity of p561ck 
(Ick), a member of the src family of protein tyrosine 
kinases (vide infra). 4 

The Ick (-) Jurkat cell lines are unable to proliferate, 
produce cytokines, and generate increases in intracel- 
lular calcium, inositol phosphate, and tyrosine phos- 
phorylation in response to T cell receptor (TCR) stimu- 
lation. 5 - 6 Therefore, an agent inhibiting Ick would 
effectively block T cell function, act as an immunosup- 
pressive agent, and have potential utility in autoim- 
mune diseases, such as rheumatoid arthritis, multiple 
sclerosis, and lupus, as well as in the area of transplant 
rejection and allergic diseases. 7 8 

The TCR is the antigen-specific component of the T 
cell, which is activated upon presentation of antigenic 
peptides. 9 TCR activation initiates a series of enzyme- 
mediated signal transduction cascades that result in the 
production of proinflammatory cytokines such as inter- 
leukin-2 (IL-2). 10 " 12 

Our initial disclosure of phenylaminoimidazoisoquin- 
olinones as a new class of Ick inhibitors highlighted the 
use of a model of inhibitors bound to Ick to advance our 
screening hit 1 with micromolar potency against Ick, to 
a nanomolar inhibitor of Ick, 2 (Figure l). 4 Although 
quite potent in vitro, 2 only demonstrated in vivo 
efficacy when dosed at 100 mg/kg, ip. Our current work 
highlights modifications to 2 that improve in vitro 
potency to subnanomolar levels and also provide oral 
efficacy in a mouse model of IL-2 production. 
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1 2 

Figure 1. Initial lead 1 and optimized compound 2. 



Chemistry 

Our previously reported synthetic route to the phe- 
nylaminoimidazoisoquinolinone inhibitor 2 involved a 
12-step linear sequence. 4 We therefore looked for op- 
portunities to shorten our synthesis and allow for 
flexibility to introduce a variety of functionality. We 
could accomplish our first goal through the use of a 
selective SwAr reaction starting with 2,6-dichloro-3- 
nitrobenzonitrile 3 as the key building block (Scheme 
l). 13 Treatment of 3 with ammonia or an alkylamine 
provided benzonitrile 4 or 5, respectively. This ulti- 
mately allowed access to products alkylated at the N-l 
position, e.g., methylamine 12, which were not acces- 
sible via our previous synthetic route. A subsequent Sn- 
Ar reaction with ethyl 2-methylacetoacetate to form 6 
allowed ready introduction of the atoms necessary for 
formation of the isoquinoline core. 14 Formation of the 
benzimidazole 11 was best accomplished by reacting 
diamine 7, 2,6-dichlorophenyl isocyanate, and HgO in 
refluxing THF. The isoquinolone was then formed by 
treatment of 11 with a mixture of concentrated sulfuric 
acid, water, and acetic acid to provide 2 or 12. The last 
step in the reaction included the hydrolysis of the nitrile, 
condensation with the ketone, and hydrolysis and 
decarboxylation of the ester functionality in one step. 

Reacting 5 with methyl acetoacetate to provide in- 
termediate 13 accomplished introduction of a methyl 
ester directly attached to C-6 (Scheme 2). Isoquinolone 
formation as for 12 and 2 provided a mixture of C-6 
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8: R = H 
9: R = CH 3 



10: R = H [not Isolated] 
11:R = CH 3 



a Reagents: (a) H 2 NR, MeOH, 80 °C; (b) ethyl 2-methylacetoacetate. K 2 C0 3 , DMF; (c) H 2 , 10% Pd/C, MeOH; (d) 2,6-Cl 2 C 6 H 3 NCS. 
EtOAc, or 2,6-Cl 2 C6H 3 NCS, HgO, THF, 80 °C; (e) concentrated H 2 S0 4 , H 2 0, HOAc, 100 °C. 

Scheme 2. /3-Keto Ester Additions a 




14 a -o 



16: R' = H 
17: R" = CO,Et 



a Reagents: (a) 3-oxobutyric acid methyl ester, K 2 C0 3 , DMF; (b) 2-acetylmalonic acid diethyl ester, CsC0 3 , DMF; (c) H 2 , 10% Pd/C, 
MeOH; (d) 2,6-Cl 2 C 6 H 3 NCS, EtOAc; (e) concentrated H 2 S0 4 ; (f) (1) concentrated H 2 S0 4 H 2 0. HOAc, 100 °C, (2) EtOH, H 2 S0 4 . 



Scheme 3. Amide and Amine Synthesis at C-6 a 



H 



H 

17 18 

a Reagents: (a) morpholine, TBTU, DMF; (b) BH 3 , SMe 2 , THF. 

ester and decarboxylated material that could not be 
separated easily. However, performing the reaction at 
room temperature with concentrated sulfuric acid solved 
this issue and provided 14 in good yield. The homolo- 
gous ester, 15, was prepared in a similar manner with 
diethylacetyl succinate. Isoquinolone formation under 
the standard acidic conditions resulted in ester hydroly- 
sis of the final product to provide 16. Consequently, re- 
esterification with ethanol and sulfuric acid was re- 
quired to obtain 17. 

Ester 14 proved to be resistant to further manipula- 
tion perhaps because of steric congestion around the 
ester carbonyl caused by the C-7 methyl group and the 
isoquinoline phenyl. The homologated analogue 16 did 
not suffer from this liability and could be transformed, 
via hydrolysis to the acid, into amide derivatives, e.g., 
18 (Scheme 3). The resulting amides could be reduced 
to the corresponding amines, e.g., 19, with BH3- 




19 



dimethyl sulfide in THF, without affecting the isoqui- 
nolone amide. 

Functional ization of the C-4 position of the isoqui- 
nolone was accomplished via a bromine atom as a 
functional handle. Of all the potential precursors for 
introduction of the bromine atom at C-4, diamine 9 was 
the only intermediate that was readily brominated in 
the desired manner (Scheme 4). The sequence pro- 
gressed as described above to provide benzimidazole 21. 
The bromine in compound 21 was further manipulated 
before isoquinolone formation via palladium cross- 
coupling with vinyl- or aryltin reagents to provide 22 
and 23. Conversion to the corresponding isoquinolone 
derivative occurred as described above. Vinyl compound 
22 could be converted to aldehyde 25 that could undergo 
reductive aminations, e.g., 26 and 27 (Scheme 4). 

Attempts to introduce a functional handle at the C-7 
position through the use of substituted /?-keto esters had 
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Scheme 4. Introduction of C-4 Bromine and Cross-Coupling Reactions* 

3r 




26: R 



3 Reagents: (a) Br 2 , QHC1 3 ; (b) ArNCS, HgO, THF, 80 °C; (c) RSnBu 3 , (PPh 3 ) 2 PdCl 2 ; (d) NaI0 4 , Os0 4 , THF; (e) H 2 SO 4 ,100 °C; (f) 
NaBH 4 , MeOH; (g) p-methoxybenzylamine, NaCNBH 3 , MeOH. 



limited success either because of poor yields of the 
SwAr reaction or difficulties in obtaining appropriately 
substituted keto esters. Literature precedent demon- 
strated that 3-methyl-lf/-quinolin-2-one undergoes oxi- 
dation with selenium dioxide to the corresponding 
aldehyde. 15 Reaction of 12 with SeC>2 in dioxane resulted 
in selective oxidation at the C-7 methyl to provide the 
corresponding aldehyde 28 exclusively with no sign of 
oxidation at the C6 methyl group (Scheme 5). The 2D 
NMR experiments with NOESY (nuclear Overhauser 
effect spectroscopy) confirmed the site of oxidation. The 
predicted greater acidity of the C-7 methyl hydrogens 
due to conjugation with the isoquinolone carbonyl could 
explain the observed selectivity. 

Aldehyde 28 constitutes an intermediate for a wide 
range of functionality at C-7 (Scheme 5). 28 can be 
reduced directly to alcohol 29, converted to an amine 
through reductive amination, e.g. 30, or converted to 
secondary alcohol 31 by addition of vinylmagnesium 
chloride. Although Wittig olefination procedures with 
unstabilized ylides were not successful, Horner- Wad- 
sworth-Emmons olefination with trimethyl phospho- 
noacetate and lithium hydroxide provided a^-unsatur- 
ated ester 36. 16 Alternatively, 28 could be transformed 
to the simple vinyl analogue 32 via a Peterson olefina- 
tion. 17 a,/3-unsaturated ester 36 underwent 1,4-reduc- 
tion to the corresponding alkyl ester 37 upon hydroge- 
nation over Pt02 in methanol. Reduction of 36 to the 
corresponding allylic alcohol 38 was more troublesome 
than initially expected. Hydride reducing agents such 
as LiAlH4 had no effect on the ester, and returned only 
un-reacted starting material. We found that if the amide 
NH of the isoquinolone was deprotonated initially with 
sodium bis(trimethylsilyl)amide, followed by addition of 
LiAlH 4 , the desired alcohol could be obtained success- 
fully. 



Secondary alcohol 31 provides another functional 
handle when transformed into allylic acetate 33. Pal- 
ladium-catalyzed allylic transposition of 33 worked well 
with secondary amines to provide compounds such as 
34. 18 However, primary amines failed to react in the 
allylic transposition reaction. To obtain secondary amines, 
33 was treated with NaN3 as a nucleophile followed by 
a Staudinger reaction to provide 35. Reductive amina- 
tion with acetaldehyde provided amine 39. 

Results and Discussion 

The two issues we felt were most important in obtain- 
ing inhibitors with oral efficacy in our mouse model of 
IL-2 production were to improve in vitro potency and 
to improve physicochemical properties, most notably 
aqueous solubility. One of the benefits of our improved 
synthetic route was the ready access it allowed for pro- 
viding N-l alkylated products. We found that the corres- 
ponding N-l methyl analogue 12 shows a 5-fold increase 
in potency over 2 (Table 1). The methyl appears to be 
optimal because the corresponding ethyl analogue 40 
is over 100-fold less potent. 

This important result also helped to further vali- 
. date our previously developed binding model, which 
predicted the 2,6-dichlorophenyl group to be point- 
ing toward the N-3 nitrogen of the benzimidazole 
(conformer A, Figure 2). 19 Because the introduction 
of a methyl group on either nitrogen would be expected 
to strongly favor a conformation in which the dichlo- 
rophenyl group is oriented away from the methyl, the 
favorable potency of 12 strongly supports conformer 
A (Figure 2) as representing the bioactive conforma- 
tion of the 2,6-dichlorophenyl group. Previous SAR 
studies showed that the N-3 methylated compound 41 
is over 20-fold less potent than compound 2. 4 How- 
ever, the improved in vitro potency is likely due to a 



1340 Journal of Medicinal Chemistry, 2003, Vol 46, No. 8 
Scheme 5. C-7 Oxidation and Functionalization* 



Goldberg et al. 



H 
12 



b = 29 
c = 30 





29: R n OH 
30: R = benzyl 
amine 

31: R = 

OH 

32: R = 



r 



34: R 1 /R 2 = CH 2 CH 2 OCH 2 CH 2 
H 

R i = H; Rj ■ CH 2 CH 3 



C35: R 1 /R 2 = H 
39: R i = H; Rj = < 



3 Reagents: (a) Se0 2 , dioxane, 100 °C; (b) LiAlH 4 , THF; (c) (1) benzylamine, THF, (2) NaBH 4 , MeOH; (d) vinylmagnesium bromide, 
THF, 0 °C to room temp; (e) (1) TMSCH 2 MgCl, THF, -78 °C to room temp, (2) BF 3 (OEt) 2 , CH 2 C1 2 , 0 °C to room temp; (f) 
(Me0 2 )P(0)CH 2 C0 2 Me, LiOH, THF, H 2 0; (g) H 2 , Pt0 2 , HOAc, EtOAH; (h) (1) NaN[Si(CH 3 ) 3 ]2. (2) LiALH 4 , THF, 0 °C to room temp; (i) 
Ac 2 0, Et 3 N; (j) morpholine, Pd 2 (dba) 3 , PPh 3 , THF; (k) NaN 3 , Pd 2 (dba) 3 , PPh 3 , THF, (2) PPh 3 , THF; (1) acetaldehyde, Na(OAc) 3 BH, MeOH. 

Table 1. Methylation Studies on Benzimidazole Core c 



Compound Code 


Structure 


Enzyme 
ICso 
ftlM) 8 


Calcium 
assay 
EC 50 


2 


H ° 


0.11 


0.18±0.02 


12 




0.023 


0.13±0.02 


40 


H 


>2.5 


NT 


41 


\=/ 

H 


>2.0 


NT 




a IC50 values for inhibition of lck. For active compounds, they 
are the mean values of two or more separate determinations, in 
duplicate. b EC50 values for inhibition of Ca release in Jurkat cells. 
Values are the mean of two or more separate experiments in 
duplicate ± SD. c NT = not tested. 

combination of locking the dichlorophenyl group into 
the bioactive conformation, increasing hydrophobic 
interactions with lck, and reducing desolvation factors. 

On the basis of our model highlighted in Figure 3, 
we had little expectation of improving potency through 



N-3 ci 

^N^O N-1 
H 

A B 

Figure 2. Bioactive conformer of 2. 

further modification of the TV-phenyl ring. SAR at this 
position tracked with our previous reported work with 
no noticeable improvement in potency. Thus, we con- 
centrated on functionalizing the isoquinoline core. We 
had previously shown the requirement for 2,6-disubsti- 
tution on the phenyl ring with either chlorine atoms or 
methyl groups. 

The spine of the isoquinolone core (Figure 3, C-4 
through C-7) points out toward the cleft between the 
N and C lobes of lck. We therefore reasoned that 
substitution along this side of the molecule would be 
tolerated and could provide an opportunity to improve 
the potency and physicochemical properties of this 
inhibitor class. 

We were able to introduce a wide range of functional- 
ity at both C-4 and C-6 that improved solubility; 
however, most modifications provided less potent com- 
pounds compared to 12 (Tables 2 and 3). 

Although we were successful in introducing amine 
and alcohol functionality at the C-7 position, the initial 
SAR was also discouraging (Table 4). However, on 
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Kinase specificity 
pocket 



Solvent 
Exposed 



xx 

Figure 3. Opportunities suggested by the binding model of 12. 
Table 2. Effects of Substitution at C-6 

N >-N CI 





Compound Code 


R 6 


Enzyme 
ICso 
(uM)° 


Calcium 

assay ECso 


12 


H 3 C> 


0. 023 


0.13±0.02 


14 


o 


0.087 


0.09±0.01 


16 


o 


0.70 


0.14±0.04 


18 




0.12 


0.66±0.01 


19 




0.03 


0.27±0.05 


49 


o 


0.12 


0.27±0.03 


50 


^ x>. 

H 


0.46 


0.60±0.10 


51 




0.74 


0.27±0.10 


52 




0.44 


1.2±0.21 


53 




0.11 


0.30±0.04 


54 




0.027 


0.09±0.01 



3 IC50 values for inhibition of lck. For active compounds, they 
are the mean values of two or more separate determinations, in 
duplicate. b EC50 values for inhibition of Ca release in Jurkat cells. 
Values are the mean of two or more separate experiments in 
duplicate ± SD. 

conversion of 28 to the a,/?-unsatu rated ester 36, we 
observed our first signs, albeit modest, of improved 
cellular potency. This prompted a deeper investigation 
of the newly introduced ester and olefin functionality. 
While the saturated ester 37 showed a 16-fold loss in 
molecular potency and nearly a 2-fold loss in cellular 
potency compared to 12, remarkably, the simple vinyl 
group 32 maintained molecular potency and improved 
cell potency nearly 10-fold when compared to 12. The 
relatively poor potency of the ethyl analogue 42 further 
demonstrated the importance of an olefin substituent 
at C-7. 



Table 3. Effects of Substitution at the C-4 Position 

N H 




Compound Code R 


Enzyme 
ICso 
(HM) fl 


Calcium 
assay 
ECso 
(MM) b 




0. 023 


0.13±0.02 




0.05 


0.37±0.01 




0.026 


0.12±0.01 




0.18 


. 0.50±0.01 



3 IC50 values for inhibition of lck. For active compounds, they 
are the mean values of two or more separate determinations, in 
duplicate. b EC50 values for inhibition of Ca release in Jurkat cells. 
Values are the mean of two or more separate experiments in 
duplicate ± SD. 

The loss in activity on going from an sp 2 to an sp 3 
group at C-7 can be rationalized on the basis of our lck 
inhibitor binding model. As shown in Figure 4, the 
protein is very close above and below the plane of the 
molecule at the C-7 position. Therefore, planar substit- 
uents at the C-7 position fit well in this narrow cleft. 
Compounds that contain functionality attached to an 
sp 3 atom adopt a conformation that would position the 
attached group out of the plane of the molecule toward 
the protein, thereby lowering binding affinity. These 
results parallel our initial discovery of 2 from 1 in which 
removing the ^e/n-dimethyl groups at C-6 and creating 
a planar system resulted in a significant boost in 
potency. 4 

By maintainance of the olefin substituent and intro- 
duction of polar functionality, further enhancements in 
cellular and molecular potency were achieved. Further- 
more, compounds of this nature also resulted in an 
increase in aqueous solubility. Allylic alcohol 38 showed 
a small improvement in molecular potency but a sig- 
nificant boost in cellular potency. Furthermore, intro- 
duction of an allylic amine substituent provided an 
enhancement in both molecular and cellular potency. 
Although the polar allylic group does not appear to 
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Table 4. Effect of C-7 sp 2 Substitution* 




Compound 
Code 


R 


Enzyme 
ICso 


Calcium 
assay ECso 


EC50 SEB 
IL-2 
Whole 
Blood 

(\lM) c 


EC50 Human 
Whole Blood 

Hr2(\lMf 


12 




0. 023 


0.13±0.01 


NT 


1.1±0.8 


28 


1 
O 


0.17 


0.45±0.05 


NT 


NT 


29 




0.77 


0.24±0.02 


NT 


NT 


30 




2.0 


4.2±0.01 


NT 


NT 


31 


^> 

OH 


0.570 


1.3±0.10 


NT 


NT 


32 




0.045 


0.02±0.04 


0.90±0.8 


12.0±0,04 


36 


O 


0.086 


0.07±0.01 


NT 


NT 


37 


T 

o 


0.36 


0.23±0.04 


NT 


NT 


42 




0.78 


0.08±0.01 


NT 


NT 


38 




0.009 


0.008±0.01 


0.22±0.1 


3.0±0.05 


34 




0.004 


0.030±0.01 


0.170*0.1 


NT 


35 




0.002 


0.021±0.01 


0.92±0.1 


3.3±0.05 


39 




0.002 


0.009±0.05 


NT 


NT 


43 




0.0007 


0.007±0.01 


0.13±0.02 


1.8±0.5 


44 




0.002 


0.005±0.01 


0.15±0.1 


0.30±0.1 


45 




0.01 


0.20±0.01 


NT 


NT 


46 




0:003 


O.OliO.01 


0.56±0.01 


0.68*0.2 



3 IC50 values for inhibition of Ick. For active compounds, they are the mean values of two or more separate determinations, in duplicate. 
b EC50 values for inhibition of Ca release in Jurkat cells. Values are the mean of two or more separate experiments in duplicate ± SD. 
c EC50 values for SEB IL2 and human whole blood IL2 values are the mean of two or more separate experiments in duplicate ± SD. d NT 
= not tested. 




Figure 4. Views of 12 in relationship to C-7 and the enzyme cleft. 

interact with the protein directly (vide infra), overall contribute to enhanced cellular potency. Further profil- 
improvements in the physicochemical properties likely ing this series of compounds showed them to be effica- 




Figure 5. Overlay of X-ray of 46 with homology model of 12. 




Crem CsA 30mk 10mk 3mk 1mk 
5mL/kg SOmpk 



Figure 6. IL-2 inhibition by 43 when dosed orally. 

cious in both the Jurkat IL-2 and human whole blood 
IL-2 assay. 

X-ray. Through the course of this work, our binding 
model proved to be very useful in guiding the SAR 
studies. After compound 43 was profiled, we obtained 
an inhibitor— lck cocrystal structure, which confirmed 
the accuracy of this model with one of our more potent 
allylic amines, 46. As shown (Figure 5), our model 
structure and the X-ray structure essentially overlap 
identically. Although the vinyl group is clearly resolved, 
the amine functionality is disordered and was therefore 
modeled into the crystal structure. 

In Vivo Activity. Compounds were tested for in vivo 
efficacy in mice by measuring inhibition of IL-2 produc- 
tion following stimulation with anti-CD3. In this model, 
2 was only moderately active when dosed ip as reported 
previously. 4 However, 43 demonstrated an ED50 of 4.5 
mg/kg, which was comparable with that of cyclosporin 
A (ED50 = 10 mg/kg, Figure 6). Tertiary amines 34, 44, 
and 46 gave similar results in this model (data not 
shown). Interestingly, allylic alcohol 38, which has in 
vitro potency comparable to that of 43, proved to be 
ineffective when tested in this model. The lack of 
adequate oral exposure of 38 (^0 fxM at 100 and 
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Table 5. Selectivity Profile of 43 





enzyme 




enzyme 


kinase 


IC50 itM) a 


kinase 


IC50 faM)* 


lck 


0.0005 


EGFR 


>10 


lyn 


0.002 


PDGFR 


0.008 


src 


0.0002 


HER2 


>10 


zap70 


0.40 


insulinRK 


>100 


syk 


>40 


IKKa & P 


50 


PKC 


>300 


IGFR 


>100 


PKA 


>100 


VEGFR 


>100 


p38 


0.15 


HGFR 


>100 


Btk 


0.0004 


Erk 


>30 


Itk 


>10 







3 IC50 values for inhibition of listed kinases. For active com- 
pounds, they are the mean of two or more separate determinations, 
in duplicate. ATP concentrations are at or below k m of the listed 
kinases. 



Table 6. Selectivity Profile of 43 



kinase 


enzyme 
IC50 ("M) a 


kinase 


enzyme 
IC50 fcM) a 


CDK4 


>100 


P70S6K 


>1.0 


CaMK 


>100 


GSK3£ 


>1.0 


JNK 


>1.0 


ROCK-II 


>1.0 


MAPKAP-lb&2 


>1.0 


AMPK 


>1.0 


MSK-1 


>1.0 


CHK1 


>1.0 


PRAK 


>1.0 


CK2 


>1.0 


PDK1 


>1.0 


PHK 


>1.0 


PKBa 


>1.0 


CDK2 


>1.0 


SGK 


>1.0 


CSK 


87%inh@ 1.0 



a IC50 values for inhibition of listed kinases. ATP concentrations 
are run at 100 fM through the Dundee consortium. 



30 mg/kg) might simply be due to its poor solubility 
compared to 43 (0.25 vs 195 ^g/mL at pH 7.4, respec- 
tively). 

Selectivity Profile. Selectivity over other kinases 
will be an important consideration for developing a 
chronically administered therapeutic agent. 43 demon- 
strates high selectivity when compared to a variety of 
both tyrosine and serine/threonine kinases (Tables 5 
and 6). As expected, 43 shows no significant selectivity 
over two other members of the src family. Two kinases 
that demonstrated significant activity were PDGFR and 
Btk, both of which have a high homology in the ATP 
binding site, although less so in the whole kinase 
domain. 
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Conclusions 

We have improved our class of phenylaminoimida- 
zoisoquinolinones as potent inhibitors of lck kinase by 
1000-fold over our screening hit. Our ability to ac- 
complish this was aided through the use of a binding 
model, whose high level of accuracy has been confirmed 
by an X-ray structure of one of our inhibitors. Two key 
discoveries that led to significant improvements of this 
novel series were the N-l alkylation of the benzimida- 
zole and the conversion of the C-7 methyl group to a 
planar, sp 2 vinyl group that provided an increase in both 
molecular and cellular potency. Furthermore, introduc- 
tion of an allylic polar substituent at the C-7 position, 
in particular an allylic amine, not only provided pico- 
molar inhibitors of lck and improved aqueous solubility 
but also provided in vivo oral efficacy with activity 
comparable to that of cyclosporin A. 

Experimental Section 

Melting points were determined with an electrothermal 
capillary melting point apparatus or a Fisher- Johns apparatus 
and are uncorrected. Proton NMR ( ] H NMR) spectra were 
recorded on Bruker Avance 400, Varian Gemini 2300, and 
Bruker AF270 spectrometers operating at 400, 300, and 270 
MHz, respectively. Chemical shifts are reported as 6 values 
in ppm downfield from TMS, using the solvent peak as an 
internal reference. Electron impact mass spectra (EIMS) were 
run on a Finnigan SSQ7000 instrument at 70 eV. Chemical 
ionization mass spectra (CIMS) were run on the same machine, 
with NH3 as reagent gas. Electrospray mass spectra (ESMS) 
were run on a MicroMass Platform LCZ instrument, at a cone 
voltage of 30 V. Flash column chromatography was carried 
out on silica gel (230-400 mesh). Organic solutions that had 
been in contact with water were dried over MgSC>4 prior to 
concentration in a rotary evaporator. 

2-Amino-6-chloro-3-nitrobenzonitrile (4). To 2,6-dichloro- 
3-nitrobenzonitrile (30 g, 139 mmol) was added a solution (200 
mL, 5. 1 5 M) of freshly prepared ammonia in ethanol. The flask 
was sealed and then placed in a preheated oil bath at 80 °C 
for 1.5 h. After the mixture was cooled, the resulting precipi- 
tate was taken up in ethyl acetate, washed with water and 
brine, dried over MgS0 4 , and concentrated to afford 18.4 g 
(68%) of the title compound. l H NMR (CDCI3, 270 MHz): d 
6.80 (d, 1H, J= 8.0 Hz), 8.33 (d, 1H, J= 8.0 Hz), 8.69 (bs, 
2H). 

6-Chloro-2-methylamino-3-nitrobenzonitrile (5). A so- 
lution of 2,6-dichloro-3-nitrobenzonitrile (98.7 g, 455 mmol) in 
EtOAc (910 mL) was cooled to 5 °C. A 40% aqueous methy- 
lamine (79.5 mL, 1.14 mol) solution was added with vigorous 
mechanical stirring, keeping the temperature at 10—15 °C. 
After addition was complete, stirring was continued for 3 h at 
the same temperature. More methylamine (16 mL, 230 mmol) 
was added, and the mixture was stirred for a further 1.5 h at 
room temperature. Water (300 mL) was added, followed by 
hexane (450 mL). The mixture was stirred for 15 min and 
filtered and the solid was washed with water and MeOH to 
provide 80.3 g (83%) of the title compound. Mp 168-171 °C. 
»H NMR (DMSO-de, 300 MHz): 6 3.45-3.50 (m, 3H), 6.80 (d, 
1H, J= 9.0 Hz), 8.31 (d, 1H, J= 9.0 Hz), 8.69 (bs, 1H). 

2-(3-Amino-2-cyano-4-nitrophenyl)-3-oxobutyric Acid 
Ethyl Ester (6). To a solution of 2-amino-6-chloro-3-nitroben- 
zonitrile (1.97 g, 10 mmol) in DMF was added ethyl 2-methy- 
lacetoacetate (3.60 g, 25 mmol) and potassium carbonate (1.50 
g, 11 mmol). The reaction was stirred for 24 h at room 
temperature. The reaction mixture was diluted with EtOAc, 
then washed with 1 M HC1, water, and brine, and dried over 
MgS0 4 . Column chromatography using hexanes/EtOAc (2:1) 
afforded 1.78 g (58%) of the title compound. l H NMR (DMSO- 
d 6 , 400 MHz): d 1.13 (t, 3H, J= 4.0 Hz), 1.72 (s, 3H), 2.26 (s, 
3H), 4.14-4.17 (m, 2H), 6.55 (d, 1H, J= 8.0 Hz), 7.45 (bs, 
2H), 8.23 (d, 1H, J =8.0 Hz). 



2- (2-Cyano- 3 -methylamino-4-nitrophenyl) ^-methyl-S- 
ox obutyric Acid Ethyl Ester (7). To a stirred solution of 
potassium ferf-butoxide (24.3 g, 206 mmol) in DMSO (500 mL) 
was added ethyl 2-methylacetoacetate (34.3 g, 233 mmol) 
dropwise over 5 min. The temperature rose to 30 °C. 6-Chloro- 

2- methylamino-3-nitrobenzonitrile (43.6 g, 190 mmol) was 
added in portions over 15 min. The temperature rose to 40 
°C. The solution was stirred for 1 h with no external heating 
or cooling. The mixture was poured into 10% aqueous NH4CI 
(500 mL) and was extracted with EtOAc. The combined 
extracts were washed with water and brine and were evapo- 
rated. MeOH (200 mL) was added to the residue, and the 
mixture was stirred for 1.5 h. The yellow solid was filtered, 
washed with cold MeOH (25 mL), and dried to provide 36.2 g 
(60%) of the title compound. Mp 84-87 °C. ! H NMR (DMSO- 
d 6 , 300 MHz): 6 1.22 (t, 3H, J = 7 Hz), 1.81 (s, 3H), 2.36 (s, 
3H), 3.55 (bs, 3H), 4.18-4.30 (bs, 2H), 6.64 (d, 1H, J= 9 Hz), 
8.06 (bs, 1H), 8.24 (d, 1H, J= 9 Hz). 

2-(3,4-Diamino-2-cyanophenyl)-3-oxobutyric Acid Eth- 
yl Ester (8). To a solution of 2-(3-amino-2-cyano-4-nitrophe- 
nyl)-3-oxobutyric acid ethyl ester (850 mg, 2.79 mmol) in 
methanol (50 mL) was added 10% palladium on carbon (85 
mg). The flask was pressurized with hydrogen to 50 psi and 
hydrogenated until no loss of H2 could be detected. The 
reaction mixture was filtered over Celite and concentrated to 
afford the title compound. ] H NMR (DMSO-d 6 , 400 MHz): d 
1.3 (t, 3H, J= 4.0 Hz), 1.80 (s, 3H), 2.30 (s, 3H), 4.25-4.35 
(m, 2H), 6.42 (d, 1H, J= 8.0 Hz), 6.77 (d, 1H, J= 8.0 Hz), 
8.10 (bs, 2H), 8.69 (bs, 2H). 

2-(4-Amino-2-cyano-3-methylaminophenyl)-2-methyl- 

3- oxobutyric Acid Ethyl Ester (9). A solution of 7 (10.5 g, 
32.5 mmol) in EtOAc (130 mL) was hydrogenated over 10% 
palladium on carbon (0.5 g) at 50 psi for 24 h. The catalyst 
was removed by filtration through diatomaceous earth, and 
the filtrate was evaporated. A mixture of EtOAc/hexane (1:1 , 
10 mL) was added to the residue, and the resulting mixture 
was stirred for 0.5 h. The crystals were filtered and washed 
with hexane to provide 7.74 g (81%) of the title compound. Mp 
130-131.5 °C. ] H NMR (DMSO-cfe, 300 MHz): d 1.21 (t, 3H, 
J= 7.0 Hz), 1.67 (s, 3H), 2.23 (s, 3H), 2.96-3.0 (m, 3H), 4.18- 
4.21 (m, 2H), 4.89-4.91 (m, 1H), 5.17 (s, 2H), 6.35 (d, 1H, J= 
8 Hz), 6.72 (d, 1H, J= 8 Hz). CIMS m/z. 290 (MH + ). Anal. 
(Ci 5 H,9N 3 03) C, H, N. 

2-(2,6-Dichlorophenylamino)-6,7-dimethyl-l,8-dihy- 
droimidazo[4,5-/i]isoquinolin-9-one (2). To a solution of 8 
(767 mg, 2.79 mmol) in ethyl acetate (30 mL) was added 2,6- 
dichlorophenyl isothiocyanate (626 mg, 3.07 mmol). The reac- 
tion mixture was stirred at room temperature overnight. The 
reaction mixture was diluted with ethyl acetate (20 mL), 
washed with water (3 x 20 mL), dried (MgS04), and concen- 
trated. The crude residue was chromatographed using hex- 
anes/EtOAc (1:1) to afford the thiourea. To the intermediate 
thiourea (1.30 g, 2.72 mmol) was added DCC (600 mg, 2.91 
mmol) and THF. The reaction mixture was heated at 80 °C 
for 3 h. After the mixture was cooled, solvent was concentrated 
and crude residue was taken back up in ethyl acetate. 
Insoluble material was filtered off. The filtrate was concen- 
trated to afford 600 mg (50%) of the title compound. The *H 
NMR results were identical to the results reported in ref 4. 

2-[4-Cyano-2-(2,6-dichlorophenylamino)-3-methyl-3//- 
benzimiazol-5-yl]-2-methyl-3-oxobutyric Acid Ethyl 
Ester (11). A solution of 9 (7.7 g, 26.6 mmol) and 2,6- 
dichlorophenyl isothiocyanate (5.43 g, 26.6 mmol) in THF (150 
mL) was stirred at room temperature for 5 h. Mercuric oxide 
(6.34 g, 29.3 mmol) was then added in one portion, and stirring 
continued overnight. The mixture was filtered through diato- 
maceous earth, washing well with THF. The filtrate was 
evaporated and the residue was triturated with ether to 
provide 7.7 g (63%) of the title compound. 'H NMR (DMSO- 
d 6 , 400 MHz): d 1.17 (t, 3H. J= 8.0 Hz), 1.82 (s, 3H), 2.30 (s, 
3H), 4.08 (s, 3H), 4.16-4.25 (m, 2H), 7.16 (d. 1 H, J= 8 Hz), 
7.48 (t, 1 H, J= 8 Hz), 7.50 (d, 1 H, J= 8 Hz), 7.67 (d, 2 H, 
J=8Hz). 
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2-(2,6-Dichlorophenylamino)-6,7-dimethyl-l,8-dihy- 
droimidazo[4,5-/i]isoquinoIine-9-one (12). To a stirred 
mixture of concentrated H2SO4 (40 mL), HO Ac (40 mL), and 
water (40 mL) at 60 °C was added 11 (7.4 g, 16 mmol) in one 
portion. The solution was heated at 100 °C for 2.5 h and then 
stirred overnight at room temperature. The reaction mixture 
was poured onto ice and neutralized with concentrated NH4- 
OH, with ice-cooling. The precipitate was filtered and washed 
well with water. The solid was slurried in MeOH, stirred well, 
filtered, washed with MeOH until the washings were colorless, 
and dried to provide 5.5 g (88%) of the title compound. Mp 
>300 °C. l H NMR PMSO-de, TFA, 400 MHz): d 2.22 (s, 3H), 
2.32 (s, 3H), 4.28 (s, 3H), 7.60 (t, 1H, J = 8 Hz), 7.70 (d, 1H, 
J = 9 Hz), 7.73 (d, 1H, J = 9 Hz), 7.77 (d, 2H, J = 8 Hz). 
CIMS mlzr. 387 (MH + ). Anal. (Ci 9 Hi 6 Cl 2 N 4 0) C, H, N. 

2-(2,6-Dichlorophenylamino)-l-ethyl"6,7-dimethyM,8- 
dihydroimidazo[4,5-/2]isoquinolin-9-one (40). 40 was pre- 
pared as described for compound 12 with ethylamine. l H NMR 
(DMSO-cfe, TFA, 400 MHz): d 2.25 (t, 3H, J= 7.0 Hz), 2.16 
(s, 3H), 2.25 (s, 3H), 5.23 (q, 2H, J= 7, 8 Hz), 7.54 (dd, 1H, J 
= 1, 8 Hz), 7.64 (dd, 2H, J= 1, 8 Hz), 7.70 (d, 2H, J= 8 Hz). 
11.44 (s, 1H). ESMS mlz. 431 (MH + ). 

2- (2-Cyano-3-methylamino-4-nitrophenyl) -3-oxobutyr- 
ic Acid Methyl Ester (13). 13 was prepared as described for 
6 and 7. ] H NMR (CDC1 3 , 400 MHz): 6 1.95 (s, 3H), 3.48 (s, 
3H), 3.91 (s, 3H), 6.52 (d, 1H, J= 8 Hz), 8.37 (d, 1H, J= 8 
Hz), 8.61 (bs, 1H). 

l,7-Dimethyl-2-dichlorphenylamino-9-oxo-8,9-dihydro- 
l//-imidazo[4,5-/j]isoquinoline-6-carboxylic Acid Methyl 
Ester (14). 14 was prepared as described above for 12. *H 
NMR (TFA-d, 400 MHz): <5 2.62 (s, 3H), 4.19 (s, 3H), 4.42 (s, 
3H), 7.46-7.50 (m, 1H), 7.51 (d, 2H, J= 8 Hz), 7.87 (d, 1H, J 
= 9 Hz), 7.93 (d, 1H, J= 9 Hz). ESMS mlz. 431 (MH+). 

2- Acetyl- 2- (2 -cyano-3-methylamino-4-nitrophenyl) suc- 
cinic Acid Dimethyl Ester (15). 15 was prepared as 
described for 6 and 7. J H NMR (CDCI3, 400 MHz): 6 1.25- 
1.29 (m, 5H), 1.37 (t, 3H, J= 8 Hz), 2.08 (s, 3H), 2.43 (s, 3H), 
3.41-3.45 (m, 2H), 4.15 (apt t, 2H, J= 8 Hz), 4.39 (apt t, 2H, 
J= 8 Hz), 6.72 (d, 1H, J= 8 Hz), 8.33 (d, 1H, J= 8 Hz), 8.39 
(bs, 1H). 

2-(2,6-Dichlorophenylamino)-l,7-dimethyl-9-oxo-l,8- 
dihydroimidazo[4,5-/j]isoquinolin-6-ylacetic Acid (16). 16 

was prepared as described for compounds 2 and 12. ] H NMR 
(TFA-d. 400 MHz): d 2.92 (s, 3H), 4.37 (s, 2H), 4.61 (s, 3H), 
7.59 (t, 1H, J= 7 Hz), 7.72 (d, 2H, J= 7 Hz), 8.06 (s, 2H), 
7.98 (d, 1H, J= 8 Hz). ESMS mlz. 431. 

2-(2,6-Dichlorophenylamino)-l,7-dimethyl-9-oxo-l,8- 
dihydroimidazo [4,5-Ij] isoquinolin-6-ylacetic Acid Ethyl 
Ester (17). 17 was prepared from 16 by refluxing in ethanol 
and H2SO4. Mp 280-285 °C. ! H NMR (TFA -of, 400 MHz): 6 
1.45 (bs, 3H), 2.75 (s, 3H), 4.20 (s, 2H), 4.50 (s, 3H), 7.35- 
7.40 (m, 1H), 7.75 (s, 1H), 7.95-8.0 (m, 2H), 8.37-8.39 (m, 
1H), 6 8.97 (s, 1H), 11.08 (s, 1H). ESMS mlz. 500 (MH + ). MSCI 
mlz. 459, 461 (MH + ). Anal. (C 22 H 2 oCl 2 N40 3 -lH 2 0) C, H, N. 

2-(2,6-Dichlorophenylamino)-l,7-dimethyl-6-(2-mor- 
pholin-4-yl-2-oxoethyl) - 1 ,8-dihydroimidazo [4,5-/i] isoquin- 
oline-9-one (18). To a solution of 17 (1 .0 g, 2.3 mmol) in DMF 
(7 mL) was added 0-benzotriazol-l-yl-A/^A^AA,AT-tetramethy- 
luronium tetrafluoroborate fTBTU) (0.82 g, 2.6 mmol) and 
morpholine (0.24 mL, 2.8 mmol), and the mixture was stirred 
for 18 h at room temperature. Ice/water was added and the 
precipitate was collected, washed with water, and dried to give 
0.97 g (84%) of the title compound. Mp >300 °C. l H NMR 
(TFA-d, 400 MHz): d 2.58 (s, 3H), 3.89-3.99 (m, 2H), 4.03- 
4.14 (m, 4H), 4.15-4.23 (m, 2H), 4.28 (s, 2H), 4.44 (s, 3H), 7.51 
(t, 1H, J= 8 Hz), 7.63 (d, 2H, J= 8 Hz), 7.70 (d, 1H, J= 9 
Hz), 7.90 (d, 1H, J= 9 Hz). ESMS mlz. 500, 502 (MH + ). Anal. 
(C 2 4H 2 3Cl2N 5 O3-0.3H 2 O) C, H, N. 

2-(2,6-Dichlorophenylamino)-l,7-dimethyl-6-(2-(ethyl- 
amino)-2-oxoethyl)- 1 ,8-dihydroimidazo [4,5-/i] isoquinoline-9- 
one (50). 50 was prepared as described above. Mp >300 °C. 
>H NMR (TFA-tf, 400 MHz): 6 1.26 (t. 3H, J= 8 Hz), 2.67 (s, 
3H), 3.45-3.61 (m, 2H), 4.32 (s, 2H), 4.49 (s, 3H), 7.55 (t, 1H, 



J= 8 Hz), 7.67 (d, 2H, J= 8 Hz), 7.88 (d, 1H, J= 8 Hz), 7.98 
(d, 1H, J= 8 Hz). ESMS mlz. 458, 460 (MH + ). 

2-(2,6-Dichlorophenylamino)-l,7-dimethyl-6-(2-pyrro- 
lidin- 1 -y 1 - 2-oxoet hyl) - 1 ,8-dihydroimidazo [4 , 5 -h\ isoquino- 
line-9-one (51). 51 was prepared as described above. Mp >300 
°C. l H NMR (TFA-d, 400 MHz): 6 2.12-2.20 (m, 2H), 2.25- 
2.30 (m, 2H), 2.60 (s, 3H), 3.70-3.88 (m, 2H), 3.92-4.16 (m, 
2H), 4.32 (s, 2H), 4.44 (s, 3H), 7.51 (t, 1H, J = 8 Hz), 7.62 (d, 
2H, J= 8 Hz), 7.67 (d, 1H, J= 9 Hz), 7.89 (d, 1H, J= 9 Hz). 
ESMS mlz 484, 486 (MH + ). 

2-(2,6-Dichlorophenylamino)-l,7-dimethyl-6-[2-(4-me- 
thylpiperazin 1 yl)-2-oxoethyl)-l,8-dihydroimidazo[4,5- 
/i]isoquinoline-9 one (52). 52 was prepared as described as 
above. Mp >300 °C. ! H NMR (TFA-d, 400 MHz): 6 2.66 (s, 
3H), 3.30 (s. 3H), 3.41 (t, 1H, J= 7 Hz), 3.50-3.66 (m, 2H), 
3.94 (d, 1H, J= 12 Hz), 4.07 (d, 1H, J= 12 Hz), 4.14-4.26 
(m, 1H), 4.36 (d, 1H, J= 17 Hz), 4.46 (d, 1H, J= 17 Hz), 4.55 
(s, 3H), 4.77 (d, 1H, J= 14 Hz), 5.08 (1H, d, J= 14 Hz), 7.61 
(1H, t, J= 8 Hz), 7.63 (2H, d, J= 8 Hz), 7.75 (d, 1H, J= 8 
Hz), 7.98 (d. 1H, J= 9 Hz). ESMS mlz. 513, 515 (MH + ). 

2-(2,6-Dichlorophenylamino)-l,7-dimethyl-6-(2-mor- 
pholin-4-ylethyl) - 1 ,8-dihydroimidazo [4,5-/i] isoquinoline- 
9-one (19). A stirred suspension of 18 (85 mg, 0.17 mmol) in 
THF (9 mL) was heated to reflux, and borane methyl sulfide 
(0.09 mL, 0.9 mmol) added. Stirring was continued for 3.5 h 
at reflux and overnight at room temperature. Then 6 M HC1 
was added and the solution was stirred for 2 h. The solution 
was applied to a Varian SCX column and was washed with 
MeOH/CH 2 Cl 2 , 50:50. Then the product was eluted with 
MeOH/CH 2 Cl 2 /NH 4 OH, 50:50:1 . The product was further puri- 
fied on a silica column, eluting with CH 2 Cl 2 /MeOH, 98:2, to 
provide 32 mg (39%) of the title compound. Mp 285-290 °C. 
'H NMR (TFA-d, 400 MHz): d 2.65 (s, 3H), 3.46-3.65 (m, 6H), 
4.01 (d, 2H, J= 12 Hz), 4.20 (t, 2H J= 12 Hz), 4.38-4.50 (m, 
2H), 4.43 (s, 3H), 7.51 (t, 1H, J= 8 Hz), 7.63 (d, 1H, J = 8 
Hz), 7.98 (d, 1H, J= 8 Hz), 7.97-8.0 (m, 2H). ESMS mlz. 486, 
488 (MH + ). 

2-(2,6-Dichlorophenylamino)-l,7-dimethyI-6-(3-mor- 
pholin-4-yl-3-oxopropyl) - 1 ,8-dihydroimidazo [4 , S-h] iso- 
quinoline-9-one (49). 49 was prepared as described as above. 
Mp 277-282 °C. l H NMR (TFA-d, 400 MHz): d 2.20-2.36 (m, 
2H), 2.67 (s, 3H), 3.18 (t, 2H, J= 9 Hz), 3.43 (d, H, J= 9 Hz). 
3.54-3.62 (m, 2H), 3.80 (d, 2H, J= 12 Hz), 4.05-4.15 (m, 2H), 
4.38 (d, 2H, J= 12 Hz), 4.45 (s, 3H), 7.54 (t, 1H, J= 8 Hz), 
7.65 (d, 2H, J = 8 Hz), 8.00 (s, 2H). ESMS mlz. 500, 502 (MH+). 
Anal. (C 25 H 27 Cl 2 N 5 O 2 -0.2H 2 O) C, H, N. 

2-(2,6-Dichlorophenylamino)-l,7-dimethyl-6-(3-mor- 
pholin-4-ylpropyl) - 1 ,8-dihydroimidazo [4,5- h] isoquinolin- 
9-one (53). 53 was prepared as described above. Mp 277— 
282 °C. ] H NMR (TFA-d, 400 MHz): 6 2.18 (br, 2H), 2.67 (s, 
3H), 3.17 (t, 2H, J= 8 Hz), 3.42 (t, 2H, J= 8 Hz), 3.3-3.6 (m, 
2H), 3.81 (d, 2H, J= 12 Hz), 4.11 "(t, 2H, J= 6 Hz), 4.39 (d, 
2H, J= 12 Hz), 4.45 (s, 3H), 7.53 (t, 1H, J= 8 Hz), 7.65 (d, 
2H, J= 8 Hz); 8.00 (s, 2 H). CIMS mlz. 500 (MH + ). 

2-(4-Amino-5-bromo-2-cyano-3-methylaminophenyl)-2- 
methyl-3-oxobutyric Acid Ethyl Ester (20). To a solution 
of 9 (9.02 g, 31.2 mmol) in CHCI3 (90 mL) was added bromine 
(4.98 g, 31.2 mmol) dropwise at ambient temperature. After 
the addition of bromine, the reaction mixture was diluted with 
EtOAc (800 mL). This solution was washed successively with 
saturated NaHC03 solution and brine and dried. The residue 
after evaporation was purified by flash chromatography in 
hexanes/EtOAc, 2:1, to provide 6.1 g (53%) of the title 
compound. ] H NMR (CDCI3, 400 MHz): 6 1.3 (t, 3H, J= 16 
Hz), 1.89 (s, 3H), 2.45 (s, 3H), 2.95 (s, 3H), 4.30-4.40 (m, 2H), 
7.01 (s, 1 H), 8.40 (bs, 2H), 8.6 (bs, 1H). 

2-[8-Bromo-4-cyano-2-(2,6-dichlorophenylamino)-3- 
methyl-3//-benzimidazol-5-yl] -2-methyl-3-oxobutyric Acid 
Ethyl Ester (21). To 20 (3.32 g, 9.0 mmol) in 1,4-dioxane (45 
mL) was added 2,6-dichlorophenyl isothiocyanate (2.02 g, 9.9 
mmol) and mercuric oxide (2.54 g, 1 1.7 mmol) under nitrogen 
atmosphere. The resulting mixture was stirred and heated at 
95 °C overnight. The reaction mixture was cooled to room 
temperature and filtered though a short pad of diatomaceous 
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earth and SiC>2. The filtrate was concentrated and the residue 
was purified by flash chromatography in hexanes/EtOAc, 2:1, 
to provide 3.44 g (71%) of the title compound. l H NMR (DMSO- 
d 6 , 400 MHz): d 1.36 (t, 3H, J= 4.0 Hz), 1.96 (s, 3H), 2.39 (s, 
3H), 4.14 (s, 3H), 4.36-4.40 (m, 2H), 7.23 (s, 1 H), 7.55 (t, 1H, 
J= 8.0 Hz), 7.77 (d, 2H, J= 8.0 Hz), 9.62 (s, 1H). 

2-[4-Cyano-2-(2,6-dichlorophenylamino)-3-methyl-8- 
vinyl-3H-benzimiazol-5-yl] -2-methyl-3-oxobutyric Acid 
Ethyl Ester (22). A mixture of 2-[8-bromo-4-cyano-2-(2,6- 
dichlorophenylamino) -3-methyl-3//-benzimiazol-5-yl] -2-meth- 
yl-3-oxobutyric acid ethyl ester (600 mg, 1.11 mmol), (PPh 3 ) 2 - 
PdCl 2 (78 mg, 0.1 1 mmol), and tributyl (vinyl) tin (0.49 mL, 1.67 
mmol) in NMP (4 mL) was degassed and heated at 100 °C for 
3 days under argon. The mixture was concentrated, and the 
residue was purified by flash chromatography in hexanes/ 
EtOAc, 3:1, to provide 530 mg (98%) of the title compound. l H 
NMR (CDC1 3 , 400 MHz): 6 1.38 (t, 3H, J = 8 Hz), 1.97 (s, 
3H), 2.45 (s, 3H), 4.05 (s, 3H), 4.37-4.40 (m, 2H), 5.50 (d, 1H, 
J = 8 Hz), 6.10-6.30 (m, 1H), 6.97 (s, 2H), 7.10 (d, H, J= 8 
Hz), 7.39 (d, H, J= 8 Hz). 

2-(2,6-Dichlorophenylamino)-l,6,7-trimethyl-4-vinyl- 
l,8-dihydroimidazo-[4,5-/i]isoquinoline-9-one (22b). 22 
(66 mg, 0.14 mmol) in a mixture of H2SO4 (0.6 mL), acetic acid 
(0.6 mL), and water (0.6 mL) was heated at 100 °C for 2 h. 
The resulting mixture was cooled to room temperature and 
diluted with water (10 mL). The solution was adjusted to pH 
8 with 10% NaOH solution. The precipitated brown solid was 
filtered and purified by flash chromatography in CH2CI2/ 
MeOH, 30:1, to provide 15 mg (27%) of the title compound. 
Mp >250 °C (dec). l H NMR (TFA-tf, 400 MHz): 6 2.1 1 (s, 3H), 
2.22 (s, 3H), 4.13 (s, 3H), 5.49 (d, 1H, J= 11 Hz), 6.35 (d, 1H, 
J= 16 Hz), 7.05 (dd, 1H, J= 11, 16 Hz), 7.31 (t, 1H, J= 8 
Hz), 7.45 (d, 1H, J= 8 Hz), 7.68-7.71 (m, 1H), 8.86 (s, 1H), 
10.9 (s, 1H). CIMS mlz. 413(MH + ). 

2-[4-Cyano-2-(2,6-dichIorophenylamino)-7-formyl-3- 
methyl-3//-benzoimidazol-5-yl]-2-methyl-3-oxobutyric 
Acid Ethyl Ester (24). To a solution of 22 (0.58 g, 1 .20 mmol) 
in THF (30 mL) was added osmium tetroxide (3 mL), followed 
by sodium periodate (0.77 g, 3.59 mmol) and water (3.0 mL). 
The mixture was stirred at room temperature for 30 min before 
dilution with water and extraction of the product with ethyl 
acetate. The organic layer was then diluted with an aqueous 
NaHCCb solution. The organic layer was then dried with 
MgS04 filtered, and concentrated to an oil. This was then 
loaded onto a silica gel column (2:1 hexanes/ethyl acetate) to 
provide 0.46 g (100% g) of the title compound. l H NMR (CDCI3, 
400 MHz): d 1.40 (t, 3H, J= 16 Hz), 1.60 (s, 3H), 1.97 (s, 3H), 
2.45 (s, 3H), 4.01 (s, 3H), 4.05 (s, 3H), 4.31-4.45 (m, 2H), 7.01 
(d, 1H, J= 8 Hz), 7.19 (bs.lH), 7.45 (d, 1H, J= 8 Hz), 8.95 
(bs, 1H), 10.01 (bs, 1H). 

2-(2,6-Dichlorophenyiamino)-l,6,7-trimethyl-9-oxoi,8- 
dihydroimidazo[4,5 /i]isoquinoline 4 -carb aldehyde (25). 
24 (35 mg, 0.07 mmol) in a mixture of H Z S0 4 (0.6 mL), acetic 
acid (0.6 mL), and water (0.6 mL) was heated at 100 °C for 
1.5 h and cooled to room temperature. The resulting mixture 
was diluted with water (10 mL), and the pH was adjusted to 
7 with ammonium hydroxide solution. The precipitated orange 
powder was filtered to provide 18 mg (60%) of the title 
compound. l H NMR (TFA-c/, 400 MHz): 6 2.34 (s, 3H), 2.38 
(s, 3H), 4.14 (s, 3H), 7.25 (t, 1H, J= 8 Hz), 7.60 (d, 2H, J= 8 
Hz), 8.10 (s, 1H), 10.1 (s, 1H). 

2-(2,6-Dichlorophenylamino)-4-(2-hydroxyethylami- 
nomethyl) - 1 ,6,7-trimethyl- 1 ,8-dihydroimidazo [4, 5-h] iso- 
quinolin-9-one (26). A suspension of 25 (30 mg, 0.07 mmol) 
in methanol (5 mL) was treated with ethanolamine (44 fiL, 
0.72 mmol) and sodium cyanoborohydride (14 mg, 0.22 mmol) 
and stirred at room temperature for 16 h. The resulting 
mixture was concentrated, and the residue was diluted with 
water. The precipitated solid was filtered and dried to give 1 2 
mg (36%) of the title compound. Mp >300 °C. >H NMR (MeOH- 
d 4 , 400 MHz): 6 2.36 (s, 3H), 2.38 (s, 3H), 2.71 (t, 2H, J= 6.0 
Hz), 3.62 (t, 2H, J = 6.0 Hz), 4.14 (s, 2H), 4.20 (s, 3H), 7.25 (s, 
1H), 7.49-7.52 (m, 3H). ESMS mlz. 460, 462 (MH + ). 



2-(2,6-Dichlorophenylamino)-4-[(4-methoxybenzylami- 
no) methyl] - 1 ,6, 7-trimethyl- 1 ,8-dihydroimidazo [4, 5-h] iso- 
quinolin-9-one (27). A suspension of 25 (30 mg, 0.07 mmol) 
in methanol (5 mL) was treated with 4-methoxybenzylamine 
(94 fit, 0.72 mmol) and sodium cyanoborohydride (14 mg, 0.22 
mmol) and stirred at room temperature for 1 6 h. The resulting 
mixture was concentrated and preparative TLC (silica gel/5% 
MeOH in CH 2 C1 2 ) purified the residue to give 7 mg (18%) of 
the title compound. Mp 247-250 °C. ] H NMR (MeOH-d 4 , 400 
MHz): 6 2.34 (s, 3H), 2.38 (s, 3H), 3.76 (s, 2H), 3.79 (s, 3H), 
3.82 (s, 2H), 4.24 (s, 3H), 6.85 (d, 2H, J= 8 Hz), 7.13 (d, 2H, 
J = 8 Hz), 7.24 (t, 1H, J= 8 Hz), 7.45-7.47 (m, 3H). ESMS 
mlz. 536, 538 (MH+). 

2-(2,6-Dichlorophenylamino)-l,6,7-trimethyl-4-(2,6-di- 
fluoropyridin-3-yl)- 1 ,8-dihydroimidazo [4,5-/i] isoquinoline- 
9-one (23b). To 2-[8-bromo-4-cyano-2-(2,6-dichlorophenylamino)- 
3-methyl-3//-benzimidazol-5-yl]-2-metiiyl-3-oxobutyric acid ethyl 
ester (100 mg, 0.186 mmol) in dry NMP (3 mL) was added 
2,6-difluoro-3-tributylstannanylpyridine (113 mg, 0.28 mmol) 
and dichlorobis(triphenylphosphine)palladium(II) (10 mg). The 
reaction mixture was heated in a sealed tube at 100 °C 
overnight. The reaction mixture was cooled to room temper- 
ature and extracted with EtOAc (25 mL). The organic fraction 
was washed with water, dried over anhydrous sodium sulfate, 
filtered, and evaporated. Column chromatography (1:1 EtOAc/ 
hexanes) followed by preparative TLC (silica gel, 40% ethyl 
acetate/hexanes) provided 28 mg (26%) of the title compound. 
ESMS mlz. 572 (MH + ). 

To the coupled product (25 mg, 0.044 mmol) was added 1 : 1 
concentrated sulfuric acid/water (3 mL). The reaction mixture 
was heated at 100 °C for 2 h. The reaction mixture was cooled 
to room temperature, ice/water (2 mL) was added, and the 
reaction was made basic by addition of aqueous NH4OH. The 
solid was filtered off and purified by preparative TLC (silica 
gel/5% CH 3 OH/CH 2 Cl 2 ) to provide 7 mg (32%) of the title 
compound. Mp >300 °C. 'H NMR (DMSO-cfe, TFA, 400 MHz): 
6 2.21 (s, 3H), 2.29 (s, 3H), 4.13 (s, 3H), 7.23-7.30 (m, 2H), 
7.48 (s, 1H), 7.53-7.55 (m, 2H), 6 8.37-8.39 (m, 1H), 8.97 (s, 
1H), 11.08 (s, 1H). ESMS mlz. 500 (MH + ). 

2-(2,6-Dichlorophenylamino)-l,6-dimethyl-9-oxo-8,9- 
dihydro-l/f-imidazo[4,5-/i]isoquinoline-7-carbalde- 
hyde (28). To a suspension of 12 (521 mg, 1.3 mmol) in 
dioxane (30 mL) was added selenium dioxide (430 mg, 3.9 
mmol), and the mixture was heated at 100 °C for 5 h. The 
reaction mixture was then cooled to room temperature, filtered 
through diatomaceous earth with 10% MeOH/CHzCl2, and then 
concentrated in vacuo. The crude material was triturated with 
CH2CI2 to provide 476 mg (92%) of the title compound. Mp 
>300 °C. ] H NMR (DMSO-de, TFA, 400 MHz): 6 2.27 (s, 3H), 
4.30 (s, 3H), 7.38 (t, 1H, J= 8 Hz), 7.60 (d, 2H, J= 8 Hz), 
7.69 (s, 2H), 8.68 (bs, 1H), 10.21 (s, 1H), 10.51 (bs, 1H), 11.72 
(bs, 1H). NOSEY (DMSO-cfe, TFA): correlation between C5-H 
and C6-CH3 and between C6-CH3 and C7-CHO. CIMS mlz. 
401, 403 (MH + ). 

2- (2,6-Dichlorophenylamino) - 1 ,6-dimethyl-7- (1 -hydrox- 
yprop-2-en- 1 -yl)- 1 ,8-dihydroimidazo [4,5-/i] isoquinolin 9 
one (31). A suspension of 28 (100 mg, 0.25 mmol) in THF (3 
mL) was cooled to —78 °C. Vinylmagnesium bromide (1 M in 
THF, 2.0 mmol) was added dropwise, and the brown suspen- 
sion was warmed gradually to -10 °C over 2 h. The solution 
was quenched with saturated NH 4 C1, extracted with EtOAc, 
and concentrated in vacuo to provide the title compound, which 
was used in the next step without purification. Mp 235-236 
°C. *H NMR (MeOH-d 4 , 400 MHz): 6 2.35 (s, 3H), 4.24 (s, 3H), 
5.26 (d, 1H, J= 10 Hz), 5.40 (d, 1H, J= 17 Hz), 5.56 (d, 1H, 
J= 5 Hz), 6.03 (ddd, 1H, J= 5, 10, 17 Hz), 7.32 (t, 1H, J= 8 
Hz), 7.53 (d, 2H, J = 8 Hz), 7.61 (d, 1H, J= 9 Hz), 7.72 (d, 
1H, J= 9 Hz). ESMS mlz. 429 (MH + ). Anal. (C 21 H 18 C1 2 N 4 03) 
C, H, N. 

3- [2-(2,6-Dichlorophenylamino)-l,6-dimethyl-9-oxo-8,9- 
dihydro-lH-imidazo[4,5-/i]isoquinolin-7-yl] acrylic Acid 
Methyl Ester (36). To a suspension of 28 (329 mg, 0.82 mmol) 
in THF (5 mL) was added sequentially trimethyl phospho- 
noacetate (164 mg, 0.90 mmol), lithium hydroxide monohy- 



Isoquinolin-9-ones as Inhibitors 

drate (76 mg, 1.8 mmol), and water (0.9 mL). The blood-red 
solution was stirred for 2 h and quenched with water, and the 
resulting solid was collected and dried in vacuo. Column chro- 
matography (5% MeOH/CH 2 Cl 2 ) provided 300 mg (80%) of the 
title compound. Mp >300 °C. l H NMR (DMSO-cfe, TFA, 400 
MHz): 6 2.45 (s, 3H), 3.76 (s, 3H), 4.20 (s, 3H), 6.89 (d, 1H, J 
= 16 Hz), 7.56 (t, 1H, J= 8 Hz), 7.73-7.77 (m, 3H), 7.81 (d, 
1H, J= 16 Hz), 7.87 (d, 1H, J= 9 Hz), 11.29 (s, 1H). ESMS 
mlz 457, 459 (MH+). Anal. (CaHisClzN^-l.SHzO) C, H, N. 

3-|2 (2,6-Dichlorophenylamino) l,6-dimethyl-9-oxo-8,9- 
dihydn)-l//-imidazo[4,5-/i]isoquinolin-7-yl]propioruc Acid 
Methyl Ester (37). To a solution of 36 (30 mg, 0.06 mmol) in 
EtOH (3 mL) and AcOH (4 mL) in a Parr reactor was added 
PtC>2 (2 mg, 0.007 mmol). The Parr reactor was charged with 
50 psi of H2 and shaken for 12 h. The crude reaction mixture 
was filtered through diatomaceous earth with EtOH and 
concentrated in vacuo. Column chromatography (2% MeOH/ 
CH2CI2) provided 9 mg (30%) of the title compound. Mp 268 
°C (dec). l H NMR (DMSO-cfe, TFA, 400 MHz): d 2.24 (s, 3H), 
2.66 (t, 2H, J= 8 Hz), 2.90 (t, 2H, J= 8 Hz), 3.75 (s, 3H), 4.24 
(s, 3H), 7.54 (t, 1H, J = 8 Hz), 7.70-7.76 (m, 4H), 11.37 (s, 
1H). ESMS mlz. 458 (MH + ). 

2-(2,6-Dichlorophenylamino)-l,6-dimethyl-7-vinyl-l t 8- 
dihydroimidazo[4,5-/j]isoquinoline-9-one (32). To a sus- 
pension of 28 (100 mg, 0.25 mmol) in THF (5 mL) was added 
trimethylsilylmethylmagnesium chloride (2 mL, 2 mmol) at 
—78 °C. The reaction mixture was warmed to room tempera- 
ture for 1 h, cooled to 0 °C, quenched with water, and extracted 
with EtOAc to provide the silyl alcohol (85 mg, 70%). The crude 
silyl alcohol was suspended in CH 2 C1 2 and cooled to 0 °C. Boron 
trifluoride etherate (42 /*L, 0.32 mmol) was added, and the 
slurry was warmed to room temperature for 1 h. The reaction 
mixture was quenched with water, and the CH 2 C1 2 was 
removed in vacuo. Collection of the resulting solid followed by 
CH2CI2 trituration provided 17 mg (61%) of the title compound. 
Mp >300 °C. l H NMR (DMSO-cfe, TFA, 400 MHz): 6 2.34 (s, 
3H), 4.14 (s, 3H), 5.52 (1H, J= 8 Hz), 6.13 (d, 1H, J= 8 Hz), 
7.69 (d, 1H, J= 8 Hz), 7.9 (bs, 1H), 7.67 (bs, 4H), 11.1 (s, 1H). 
ESMS mlz 399, 401 (MH + ). 

2-(2,6-Dichlorophenylamino)-l ( 6-dimethyl-7-ethyl-l,8- 
dihydroimidazo [4,5-/i] isoquinoline-9-one (42). 32 (50 mg, 
0.13 mmol) was suspended in 3 mL of acetic acid and 3 mL of 
EtOH. Pt02 (6 mg, 0.03 mmol) was added, and the reaction 
mixture was stirred under 1 atm of Hz(g) for 1 h. The reaction 
mixture was filtered, concentrated, and extracted with EtOAc. 
Column chromatography (0-10% MeOH/CH 2 Cl 2 ) provided 25 
mg (52%) of the title compound. Mp >300 °C. ] H NMR (DMSO- 
cfe, TFA, 400 MHz): <5 1.14 (t, 3H, J= 6 Hz), 2.27 (s, 3H), 2.61 
(q, 2H, J= 6 Hz), 4.24 (s, 3H), 7.75 (t, 1H, J= 8 Hz), 7.70 (s, 
2H), 7.76 (d, 2H, J= 8 Hz), 11.42 (s, 1H). ESMS mlz. 401 
(MH + ). Anal. (C2oH 18 Cl 2 N40-1.5H 2 0) C, H, N. 

2-(2,6-Dichlorophenylamino)-l,6-dimethyl-7-(3-hydrox- 
ypropen-l-y I) -1,8-dihy droimidazo [4, 5 -/i]isoquinolin-9- 
one (38). A suspension of 36 (100 mg, 0.22 mmol) in THF (7 
mL) was cooled to —78 °C. Sodium bis (trimethylsilyl) amide 
(1 M in THF, 0.44 mmol) was added dropwise. The bright-red 
solution was warmed to 0 °C for 15 min. Then lithium 
aluminum hydride (1 M in THF, 2.6 mmol) was added, and 
the orange solution was then warmed to room temperature 
for 0.5 h. The mixture was cooled to 0 °C, quenched with 
saturated ammonium chloride, and extracted with EtOAc. 
Column chromatography (3—6% MeOH/CH 2 Cl2) provided 32 
mg (34%) of the title compound. Mp 298-300 °C. l H NMR 
(DMSO-cfe, TFA, 400 MHz): 6 2.32 (s, 3H), 4.16 (s, 2H), 4.19 
(s, 3H), 6.63 (d. 1H, J= 8 Hz), 6.82 (d, 1H, J= 8 Hz), 7.42 (bs, 
1H), 7.64-7.68 (m, 4H), 10.92 (s, 1H). ESMS mlz 429, 431 
(MH + ). 

2-(2,6-Dichlorophenylamino)-7-(l-acetoxyprop-3-en-l- 
yl)-l,6-dimethyl-l,8-dihydroimidazo[4 ( 5-/i]isoquinolin-9- 
one (33). To a solution of 31 (106 mg, 0.25 mmol) in THF (1 
mL) was added acetic anhydride (1 mL). Triethylamine (35 
fxL, 0.25 mmol) was added, and the reaction mixture was 
stirred for 14 h and then concentrated in vacuo. Column 
chromatography (2% MeOH/CH 2 Cl 2 ) provided 85 mg (79%) of 
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the title compound. Mp 169-171 °C. 'H NMR (MeOH-cfc. 400 
MHz): 6 2.16 (s, 3H), 2.40 (s, 3H), 4.18 (s, 3H), 5.34-5.48 (m, 
2H), 6.08-6.16 (m, 1H), 6.55 (s, 1H), 7.27 (bs, 1H), 7.58 (d, 
2H, J= 8 Hz), 7.59 (d, 1H, J= 8 Hz), 7.68 (bs, 1H). ESMS 
mlz 471 (MH + ). 

2-(2,6-Dichlorophenylamino)-l,6-dimethyl-7-(3-mor- 
pholin-4-yl-propen-l-yl)-l,8-dihydroimidazo[4,5-/i]iso- 
quinolin-9-one (34). Tris(dibenzylideneacetone)dipalladium- 
(0) (1.8 mg, 0.002 mmol) and triphenylphosphine (1.6 mg, 0.006 
mmol) were stirred in THF (0.5 mL) for 20 min under inert 
atmosphere until the red solution turned yellow. To this solu- 
tion was added sequentially 33 (20 mg, 0.04 mmol) in THF 
(0.5 mL), triethylamine (17 /zL, 0.12 mmol), and morpholine 
(1 1 fiL, 0.12 mmol). The solution was stirred for 14 h and then 
concentrated to an oil. Column chromatography (10% MeOH/ 
CH2CI2) provided 10 mg (50%) of the title compound. Mp 175- 
177 °C. l H NMR (DMSO-cfe, TFA, 400 MHz): 6 2.35 (s, 3H), 
3.16 (t, 2H, J= 12 Hz), 3.48 (d, 2H, J= 12 Hz), 3.66 (t, 2H, J 
= 12 Hz), 4.02 (d, 4H, J= 7 Hz), 4.24 (s, 3H), 6.47 (dt, 1H, J 
= 8, 16 Hz), 7.15 (d, 1H, J= 16 Hz), 7.58 (dd, 1H, J= 8, 9 
Hz), 7.74-7.77 (m, 3H), 7.82 (d, 1H, J= 9 Hz). ESMS mlz 
498 (MH+). 

7-(3-Aminopropen-l-yl)-2-(2,6-dichlorophenylamino)- 
l,6-dimethyl-l,8-dihydroimidazo[4,5-/i]isoquinolin-9- 
one (35). A suspension of tris(dibenzylideneacetone)dipal- 
ladium(0) (185 mg, 0.25 mmol) and triphenylphosphine (320 
mg, 1 .2 mmol) in THF (40 mL) was stirred for 20 min under 
N 2 . A solution of 33 (1.88 g, 4.0 mmol) in THF (5 mL) was 
added, and the mixture was stirred for 20 min. Sodium azide 
(280 mg, 4.4 mmol) and water (4.0 mL) were added, and the 
reaction mixture was heated at 60 °C for 3 h. The solution 
was cooled to room temperature, and triphenylphosphine (1.0 
g, 3.8 mmol) was added. After the mixture was stirred for 45 
min, ammonium hydroxide (4 mL) was added and stirring 
continued overnight. The resulting solution was dried over 
MgS04 and then concentrated to an oil. Column chromatog- 
raphy on silica eluting with CH2Cl2/MeOH (90:10 increasing 
to 50:50) provided 1.2 g (70%) of the title compound. Mp >300 
°C. l H NMR (DMSO-cfe, TFA, 400 MHz): 6 2.35 (s, 3H), 3.68 
(bs, 2H), 4.23 (s, 3H), 6.45-6.60 (m, 1H), 6.90-7.00 (m, 1H), 
7.55-7.65 (m, 1H), 7.70-7.85 (m, 4H), 8.05-8.20 (m, 1H). 
ESMS mlz 428 (MH + ). 

2-(2,6-Dichlorophenylamino)-l,6-dimethyl-7-(3-(ethyl- 
amino) propenyl) - 1 , 8-dihy droimidazo [4 , 5-/?J isoquinol in-9- 
one (39). A solution of 35 (100 mg, 0.234 mmol) in acetic acid 
(1 mL) was cooled to —10 °C. Sodium triacetoxyborohydride 
(87 mg, 0.410 mmol) was added, and the mixture was stirred 
for 20 min at -10 °C. Acetaldehyde (10 mg, 0.234 mmol) was 
taken up in THF (3 mL) and added dropwise to the reaction 
mixture (at -10 °C). Once all the aldehyde had been added, 
the reaction mixture was warmed to room temperature and 
was stirred overnight. The crude reaction mixture was diluted 
with EtOAc (10 mL), washed with water (5 mL), dried 
(MgSOJ, and concentrated under reduced pressure. Chroma- 
tography [CH 2 Cl 2 /MeOH/NH 4 OH (9:1:0.1)] afforded 28 mg 
(26%) of the title compound. Mp 218-221 °C. l H NMR (CDCI3, 
400 MHz): 6 1.15-1.25 (m, 3H), 2.33 (s, 3H), 3.03-3.13 (m, 
2H), 3.80 (bs, 2H), 4.21 (s, 3H), 6.45-6.60 (m, 1H), 7.09 (d, 
1H, J= 15 Hz), 7.55 (t, 1H, J = 8 Hz), 7.7-7.9 (m, 4H). 

2- (2,6-Dichlorophenylamino) -7- (3-diethylaminoprope- 
nyl) - 1 ,6-dimethyl- 1 ,8-dihy droimidazo [4,5-/?] isoquinolin- 
9-one (43). 43 was prepared as described above. l H NMR 
(DMSO-cfe, TFA, 400 MHz): 6 1.27 (t, 6H, J= 7.0 Hz), 2.38 
(s, 3H), 3.04-3.40 (m, 4H), 4.01 (d, 2H, J= 7 Hz), 4.26 (s, 
3H), 6.54 (dt, 1H, J= 7, 16 Hz), 7.26 (d, 1H, J= 16 Hz), 7.60 
(t, 1H, J = 8 Hz), 7.78 (d, 3H, J = 8 Hz), 7.84 (d, 1H, J= 9 
Hz). 

2-(2,6-Dichlorophenylamino)-l,6-dimethyl-7-(3-pyrro- 
lidin- 1 -ylpropenyl) - 1 ,8-dihy droimidazo [4,5-/i] isoquino- 
lin-9-one (44). 44 was prepared as described above. *H NMR 
(DMSO-cfe, TFA, 400 MHz): d 1.91 (br, 2H), 2.06 (br, 2H), 2.38 
(s, 3H), 3.11 (br, 2H), 3.59 (br, 2H), 4.04 (d, 2H, J = 7 Hz), 
4.26 (s, 3H), 6.55 (dt, 1H, J= 7. 15 Hz), 7.16 (d, 1H, J= 15 
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Hz), 7.60 (dd, 1H, J= 8, 8 Hz), 7.78 (d, 3H, J= 8 Hz), 7.84 (d, 
1H, J= 8 Hz). Anal. (C 2 5H 2 5Cl 2 N 5 Or0.2H 2 O) C, H, N. 

2-(2,6-Dichlorophenylamino)-l,6-dimethyl-7-[3-(ben- 
zylmethyl amino)propenyl] - 1 ,8-dihy droimidazo [4,5-A] iso- 
quinolin-9-one (45). 45 was prepared as described above. ! H 
NMR (DMSO-cfe, TFA, 400 MHz): 6 2.38 (s, 3H), 2.76 (s, 3H), 
3.81-4.10 (m, 2H), 4.27 (s, 3H), 4.31 (d, 1H, J= 13 Hz), 4.51 
(d, 1H, J= 15 Hz), 6.62 (dt, 1H, J= 7, 15 Hz), 7.20 (d, 1H, J 
= 16 Hz), 7.40-7.67 (m, 6H), 7.71-7.92 (m, 3H), 7.85 (d, 1H, 
J = 8 Hz). Anal. (C 29 H 27 Ci 2 N 5 Or0.1H 2 O) C, H, N. 

2-(2,6-Dichlorophenylamino)-l t 6-dimethyl-7-(3-dime- 
thylaminopropenyl] -1 ,8-dihy droimidazo [4,5-/i] isoquino- 
lin-9-one (46). 46 was prepared as described above. ] H NMR 
(DMSO-cfe. TFA, 400 MHz): 6 2.37 (s, 3H), 2.85 (s, 6H), 3.96 
(d, 2H, J = 7 Hz), 4.26 (s, 3H), 6.52 (dt, 1H, J= 7, 15 Hz), 
7.16 (d, 1H, J= 15 Hz), 7.60 (t, 1H, J= 8 Hz), 7.77 (d, 3H, J 
= 8 Hz), 7.84 (d, 1H. J= 9.0 Hz). Anal. (C 2 3H 23 Cl 2 N 5 Or0.2H 2 O) 
C, H, N. 

2-(2,6-Dichlorophenylamino)-l,7-dimethyl-6-(2-hydroxy- 
ethyl) -1,8-dihy droimidazo [4, 5-h] iso quinoline-9 -one (54). 

To a stirred solution of 2-(2,6-dichlorophenylamino)-l,7-dim- 
ethyl-9-oxo-l ,8-dihy droimidazo [4, 5-h] isoquinolin-6-ylacetic acid 
ethyl ester (25 mg, 0.05 mmol) in THF (2 mL) was added a 
solution of lithium aluminum hydride (1 M in THF, 0.25 mL, 
0.25 mmol). The mixture was stirred for 30 min at room 
temperature. EtOAc was added, followed by water, and then 
the mixture was acidified with 1 N HC1. The crude product 
was applied to a Varian SCX cartridge and washed in turn 
with 1 N HC1, water, acetone, MeOH, and MeOH/CH 2 Cl 2 (1: 
1). The product was then eluted with MeOH/CH 2 Cl 2 /NH 4 OH 
(49:49:2). Evaporation of the eluent provided 15 mg (72%) of 
the title compound. Mp >300 °C. l H NMR (TFA-cfe, 400 
MHz): d 2.76 (s, 3H), 3.49 (br, 2H), 4.22 (br, 2H), 4.45 (s, 3H), 
7.55 (t, 1H, J= 8 Hz), 7.68 (d, 2H, J= 8 Hz), 8.04 (d, 1H, J = 
9 Hz), 8.19 (d, 1H, J= 9 Hz). ESMS m/z417, 419 (MH+). Anal. 
(C 2 oHi 8 Cl 2 N 4 03-1.5H 2 0) C, H, N. 

Tyrosine Kinase Inhibition Assay. The kinase activity 
is measured using DELFIA (dissociation enhanced lanthanide 
fluoroimmunoassay), which utilizes europium chelate-labeled 
anti-phosphotyrosine antibodies to detect phosphate transfer 
to a random polymer, poly-Glu 4 -Tyri (PGTYR). The kinase 
assay is performed in a neutravidin-coated 96-well white plate 
(PIERCE) in kinase assay buffer (50 mM HEPES, pH 7.0, 25 
mM MgCl 2 , 5 mM MnCl 2 , 50 mM KC1, 100 /iM Na 3 V0 4 , 0.2% 
BSA, 0.01% CHAPS). Test samples initially dissolved in DMSO 
at 1 mg/mL are prediluted for dose response (10 doses with 
starting final concentration of 1 //g/mL, 1-3.5 serial dilutions) 
with the assay buffer. A 25 fiL aliquot of this diluted sample 
and a 25 fiL aliquot of diluted enzyme (0.8 nM final concentra- 
tion) are sequentially added to each well. The reaction is 
started with a 50 //L/well of a mixture of substrates containing 
2 fM ATP (final ATP concentration is 1 fiM) and 7.2 ngffiL 
PGTYR-biotin (CIS Biointernational) in kinase buffer. Back- 
ground wells are incubated with buffer and substrates only. 
Following 45 min of incubation at room temperature, the assay 
plate is washed three times with 300 /*L/well DELFIA wash 
buffer. A 1 00 ^LVwell aliquot of europium-labeled anti-phos- 
photyrosine (Eu 3+ -PT66, 1 nM, Wallac CR04-100) diluted in 
DELFIA assay buffer is added to each well and incubated for 
30 min at room temperature. Upon completion of the incuba- 
tion, the plate is washed four times with 300/*L/well of wash 
buffer and 100//L/well of DELFIA wash buffer. Enhancement 
solution (Wallac) is added to each well. After 15 min, time- 
resolved fluorescence is measured on the LJL's analyst (excita- 
tion at 360 nm, emission at 620 nm, EU 400 dichroic mirror) 
after a delay time of 250 fis. 

Calcium Release in Jurkat Cells. 1. Loading of Jurkat 
Cells with Fluo-3. Jurkat cells were pelleted, washed 2 times 
with RPMI, 10 mM HEPES, and 10% fetal bovine serum 
(complete media), and then resuspended at 2 x 10 7 cells/mL 
in the above. Fluo-3 solution was prepared from 40 fiL of Fluo-3 
stock AM (Molecular Probes catalog no. F-1242) (4 ^M), 180 
fiL of pluronic F127 detergent (Molecular Probes catalog no. 
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P-3000), and 9.8 mL of complete media. An equal volume of 
Fluo-3 solution was added to give a 1 x 1 0 7 cells/mL solution 
and 2//M Fluo-3. The tube was wrapped in foil and incubated 
at room temperature with very gentle rocking for 45 min. 
Additional media to fill a 50 mL tube was added, and it was 
incubated another 15 min at room temperature. 

Cells were pelleted and washed three times with Hanks' 
balanced salt solution (HBSS) (GibcoBRL no. 14175-095), 
containing 1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, 2 mM 
probenecid, and 1% fetal bovine serum (FBS), pH 7.4. Finally, 
cells were resuspended at 2 x 10 7 cells/mL and kept on ice 
and in the dark until ready for use. 

Compounds were made up as 5 mg/mL stocks in DMSO and 
diluted as appropriate with the following diluent: HBSS, 1 
mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, pH 7.4, 2 mM 
probenecid, 1% FBS. A 96-well V-bottom plate is used for the 
compound dilutions. 

2. Stimulus Plate. Anti-CD3 (Immunotech, clone X35, 
catalog no. 0178) was prepared by taking 69 fiL of a 200 fig/ 
mL stock into 1 1 mL of diluent to give a 5x stock for a final 
test concentration of 0.25 fig/mL. Then 100 fiL was added per 
well of V-bottom 96-well plate. 

3. Cell Plate Preparation. An amount of 2 mL of loaded 
cell suspension was mixed with 18 mL of diluent, and \ 50 fiL 
of this mixture was then added per well of a 96-well Black 
Packard viewplate for a final cell number of 3 x 10 5 /mL. 
The plate was then centrifuged at 1500 rpm for 5 min at 
room temperature and immediately placed in the center 
position in the drawer of an FLIPR (fluorometric imaging plate 
reader). 

4. Assay. The assay was performed on the FLIPR system 
(Molecular Devices). All experiments were run at room tem- 
perature. The cell plate was placed in the center position in 
the drawer. The compound dilution plate was placed in the 
left position and the stimulus plate in the right. An amount 
of 50 fiL of compound was added to the cells, and this was 
incubated at room temperature for 1 5 min. An amount of 50 
fiL of anti-CD3 was added to the cell plate, and fluorescence 
intensity was monitored for an additional 13 min. 

5. Analysis. Calcium release was measured by fluorescence 
intensity via a SAS program that measures the difference 
between baseline values and peak height. These values are 
plotted versus compound concentration to obtain an EC50 
value. A decrease in fluorescence intensity indicated inhibition 
of the release of calcium by the compound being tested. 

Inhibition of IL-2 Production. The 96-well flat bottom 
plates were coated with anti-CD3 and clone UCHT1 (Immu- 
notech catalog no. 1304) at 4 ^wg/mL in phosphate-buffered 
saline (PBS), lOO^L/well. The solution was prepared by taking 
200 fiL of 200 fig/mL anti-CD3 stock/10 mL PBS. The plate 
was then incubated at 37 °C for 2 h. Jurkat cells were pelleted 
and counted. The cells were resuspended at 2.5 x 10 6 cells/ 
mL in RPMI and 10% FBS (complete media). Test compounds 
were diluted from a 5 mg/mL DMSO stock directly into 
complete media. 

An amount of 10 ^L of 20 X compound per well was added 
to a separate plate, followed by 100 fiL of cell suspension in 
triplicate, and this plate was preincubated at 37 °C for 30 min. 
The 96-well plate containing anti-CD3 was aspirated, and the 
cells and compound were transferred to this plate. An amount 
of 100 fiL of PMA (phorbol 12-myristate 13-acetate, Sigma 
catalog no. P-8139) at 20 ng/mL was added, and the plate was 
incubated overnight at 37 °C. (PMA stock at 1 mg/mL in 
ethanol, diluted 10 fiL/mL in complete media, then 20 fiLI 10 
mL in complete media; 100/*L/well = 10 ng/mL, final concen- 
tration). The next day, the plate was centrifuged at 1500 rpm 
for 5 min at room temperature and the supernatants were 
removed. The supernatants were tested using R&D Systems 
Quantikine Human IL-2 Kit (catalog no. 2050). Samples were 
diluted 1:5 in RPMI 1640, and 100 ^L/well was used in the 
ELISA. The optical density of each well was determined using 
a microplate reader set to 450 nm. EC50 values were deter- 
mined using Origin (nonlinear regression) or SAS by plotting 
absorbance vs concentration of compound. 
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Inhibition of IL-2 Production in Human Whole Blood. 

Human whole blood was obtained from in-house donors by 
venipuncture collected into 25 mL heparinized Vacu-tainer 
tubes. 

Test compounds were dissolved in DMSO to yield 5 mg/mL 
stock solutions. Stock solutions were freshly diluted in RPMI 
1640 and 10% fetal bovine serum (complete media) to yield 
solutions that were 10 times the final assay concentration. 
Compounds were diluted serially into complete media. 

SEB Solution. Staphylococcal enterotoxin B was dissolved 
in PBS to yield a 2.5 mg/mL stock. This is further diluted 
in complete media to yield a 3000 ng/mL solution (10 times 
the final assay concentration). SEB stock solution is stored at 
4 °C. 

Assay Procedure. Add 20 /*L of lOx compound dilutions, 
in triplicate, to wells of a U bottom 96-well plate. For "no 
compound" samples, add 20 /*L of complete media. Also, dilute 
DMSO to the highest concentration used in the assay and use 
20 //L/well as controls. Add 160 piL of whole human blood to 
each well and incubate plate for 20-30 min at 37 °C. Add 20 
fiL of lOx SEB solution to all test wells and to stimulated 
control wells. Add 20 fiL of complete media to nonstimulated 
wells as controls. Incubate plate overnight at 37 °C. The next 
day, centrifuge plate at 2000 rpm for 1 0 min at room temper- 
ature and transfer supernatants to a fresh plate. Dilute 
supernatants 1:5 in RPMI 1640 and then use 100 /iL/well in 
R&D Systems Quantikine Human IL-2 Kit. 

Follow the ELISA procedure as outlined in the section 
"Inhibition of IL-2 Production" in Jurkat cells protocol. 

1. Analysis. EC50 values are determined using Origin 
(nonlinear regression) or SAS (Secondary Screening Program, 
EC50 calculation) by plotting absorbance vs actual concentra- 
tion of the compound. 

2. In Vivo Anti-CD3 Assay. Female BALB/c mice (Charles 
River, The Jackson Laboratories) were used for anti-CD3 
studies. Animals were numbered by tail tattoo and were 6-8 
weeks old at the initiation of experiments. For the induction 
of IL-2 in vivo by anti-CD3, 1 /ig of anti-CD3 (monoclonal 
hamster-antimouse 145-2C11, lot M03283) in 200 ^L of PBS 
was injected intraperitoneally (ip) into experimental mice to 
stimulate the polyclonal activation of T cells. Upon activation, 
these T cells produced the T cell cytokine IL-2 that was 
detected in the plasma. 

For the measurement of plasma cytokine levels, 3 h after 
anti-CD 3 injection, each mouse was anesthetized with isoflu- 
rane, and approximately 0.5 mL of whole blood was collected 
in heparinized tubes following cardiac puncture. Plasma IL-2 
levels were determined by ELISA (R&D Systems, Minneapolis 
MN) of 1:10 dilutions of samples. Levels were quantitated by 
linear regression analysis of samples in comparison to a 
recombinant cytokine IL-2 curve, and plasma levels in vehicle- 
treated groups were 1900-2800 pg/mL in each experiment. 

3. Treatment Croups. All doses of compounds and controls 
are represented as milligram of compound per kilogram of body 
mass and were administered orally in 100 jiL of vehicle, 30% 
Cremophor. The compound was administered to mice (n = 8 
per group) 1 h prior to anti-CD3 injection. Control mice 
received either 1 00 //L of vehicle alone (negative control) or 
30 mg/kg cyclosporin A (positive control). 
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T-cells play an important role in the pathogenesis of many 
diseases. These include diseases with large commercial markets 
and also with significant unmet medical needs, such as rheumatoid 
arthritis and asthma in addition to those with smaller markets 
such as organ transplantation, multiple sclerosis, inflammatory 
bowel diseases, type 1 diabetes, systemic lupus erythematosus and 
psoriasis. The use of currently available immunomodulatory 
agents is often limited by the appearance of dose-limiting side 
effects that result from the actions of these agents on non-lymphoid 
tissues. LSTRA cell kinase (lck), one of eight known members of 
the human src family of non-transmembrane protein tyrosine 
kinases, has a pivotal role in T-cell signaling. Lck expression is 
restricted to lymphoid cells, so an Ick-selective inhibitor would be 
expected to have a significantly improved safety profile for the 
treatment ofT-cell-driven diseases. 

Keywords Autoimmune disease, cyclosporin A, 
immunosuppression, lck inhibitor, src kinase, T-cell 
signaling, transplantation, tyrosine kinase 

Role of lck in T-cell signaling 

Six of the src family kinases have a role in signal 
transduction pathways in lymphocytes, monocytes or 
granulocytes (lck, lyn, fyn, hck, fgr and blk). Lck expression 
is restricted to T-cells and NK cells, but some family 
members (src, yes and fyn) have widespread expression 
patterns [1]. Src family kinases all consist of a unique N t 
domain followed by SH3, SH2, catalytic, and C t tail 
regulatory domains [2]. Myristoylation and palmitoylation 
of the unique region directs lck to the plasma membrane and 
a cysteine-containing motif in this region enables association 
with the CD4 or CD8 co-receptors. The SH3 and SH2 
protein-protein interaction modules facilitate binding of lck 
to proline-rich sequences (SH3) or phosphotyrosine- 
containing motifs (SH2). Lck catalytic activity is regulated 
by tyrosine phosphorylation at two sites: phosphorylation of 
a tyrosine in the activation loop of the catalytic domain 
promotes activation of lck. Phosphorylation of a C, tyrosine 
promotes a downregulatory, intramolecular interaction 
between the C t tail and the SH2 domain [3]. Studies with cell 
lines that lack expression of lck or express mutant forms of 
the protein have demonstrated the crucial role of lck at a 
proximal point in the T-cell receptor (TCR) signaling 
pathway [4*]. Productive T-cell activation is characterized 
by the appearance of a hyperphosphorylated £-chain and by 
phosphorylation and catalytic activation of the syk family 
ZAP-70 kinase by lck (Figure 1) [5,6]. 



Initial efforts to elucidate the biology of lck in primary tissue 
involved the targeted disruption of the lck gene to generate a 
lck knockout mouse [7»]. Mice lacking lck have diminished 
thymic cellularity (5 to 10% of wild- type), with most 
resultant thymocytes failing to make the transition to the 
CD4, CD8 double positive state and few of these are able to 
make the next transition to the single positive state. NK cell 
function appears to be unaffected. The block in T-cell 
development observed in these mice precluded evaluation 
of mature peripheral T-cell function in the absence of lck. To 
circumvent this, a tetracycline-based system was developed 
which allows for positive and negative regulation of lck 
expression in T-cells in the presence or absence of 
doxycycline [8,9]. In these transgenic mice, thymic atrophy 
was observed due to downregulation of lck expression after 
removal of doxycycline from the drinking water. In contrast 
to the thymus, the cellularity of lymph nodes does not 
decrease in the absence of lck expression. Long- term 
survival of the T-cells is not impaired in the absence of lck, 
but these cells are incapable of proliferating when 
transferred into lethally irradiated hosts. Consistent with 
this observation, the peripheral T-cells from these animals 
were also defective in their ability to propagate TCR 
proximal signaling events when lck expression was turned 
off. Thus, lck was shown to be necessary for T-cell signaling 
and homeostasis but not cell survival in the periphery, 
supporting the validity of lck as a target for 
immunosuppressive therapy. Corroborating the murine 
studies, there has been one report of an infant with a severe 
combined immunodeficiency demonstrated to be the result 
of profoundly diminished, but not totally deficient lck 
expression [10]. 

T-cell inhibitors in the prevention of 
transplant rejection 

During the past 25 years, organ transplantation has become 
a widespread remedy for life-threatening situations 
involving diseased organs. Graft rejection following 
transplant surgery results from the recognition of allogeneic 
or xenogeneic histocompatibility antigens expressed on the 
graft by the host immune system. T-cells are the key 
mediators of these immune system assaults [11]. 
Cyclosporin A (CsA), currently the leading clinical agent for 
the treatment of graft rejection, binds to cyclophilin in the 
cytosol and this complex inhibits the catalytic function of 
calcineurin, a phosphatase that plays a key role in signal 
transduction from the TCR to the nucleus [12]. Calcineurin is 
ubiquitously expressed and is involved in the transduction 
of signals in tissues other than the T-cell. As a result, CsA 
suffers from a propensity to cause dose-limiting kidney 
failure, liver damage and neuropathy and has a small 
therapeutic index. Other agents currently approved for use 
in these indications also have significant side effects 
associated with chronic use. These include nephrotoxicity 
and hyperlipidemia with sirolimus (Wyeth-Ayerst 
Laboratories), bone marrow suppression with mycophenolate 
mofetil (Roche Holding AG) and azathioprine, 
hepatotoxicity with methotrexate and leflunomide (Aventis 
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Figure 1 . The role of Ick in TCR signal transduction. 
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Lck associates non-covalently with the CD4 and CD8 co-receptors. The src family kinase, fyn associates with the TCR/CD3 complex and 
plays a subordinate role to Ick in this signaling pathway. Lck and fyn are regulated positively by the dephosphorylation of a C t tyrosine by the 
CD45 phosphatase and negatively by the phosphorylation of that tyrosine by csk. Association of the T-cell and the antigen-presenting cell 
leads to juxtaposition of Ick with its substrates, the TCR/CD3 complex and the £-chain. These phosphorylation events generate docking sites 
for ZAP-70 which itself must be phosphorylated by Ick in order to be catalytically competent. ZAP-70 kinases multiple substrates, generating 
second messengers and the assembly of multimolecular complexes that activate several pathways. Activation of ras triggers the MAP kinase 
cascade resulting in increased transcription of fos, a component of the transcription factor AP-1 . Translocation of PLCyl to phosphorylated 
LAT brings it into proximity with PIP 8 leading to the generation of IP, and DAG. IP 3 signals the release of calcium from intracellular stores and 
DAG is an essential factor for the activation of PKC. The rise in intracellular calcium levels activates both PKC and the calcium/calmodulin 
(CAM)-dependent phosphatase calcineurin. These pathways result in the activation of transcription factors and increased transcription of the 
genes regulated by these factors. The action of CsA is downstream of Ick opening the possibility for combination therapy with Ick inhibitors in 
protocols that would spare the concentration of either drug. 



Pharma AG), and osteoporosis and metabolic side effects with 
glucocorticoids. The molecular targets of these agents are also 
broadly distributed, and the major adverse effects are due to 
their actions on non-T-cells. Although a high level of 
immunosuppression is required immediately following organ 
transplantation to prevent acute organ rejection, patients 
require life-long immunosuppressive therapy with lower 
'maintenance' doses of drugs to prevent chronic organ rejection. 
There is a constant need to balance the beneficial effects with 
the threat of toxic side effects, infections and malignancies. An 
lck inhibitor would target only lymphoid cells since the 
molecular target expression is restricted to these cells. 

T-cell inhibitors and autoimmune disease 

A breakdown in self-tolerance can result in the immune 
system raising an attack against 'self leading to autoimmune 
disease. T-cell inhibitors that have been used to treat graft 
rejection are also efficacious in the treatment of chronic 



autoimmune inflammatory diseases that are thought to be T- 
cell-dependent. Of the prevalent autoimmune diseases, 
development and progression of autoimmune skin diseases, 
psoriasis in particular, are most clearly dependent on 
activated T-cells. Psoriasis is a skin disease in which 
keratinocyte proliferation is initiated by T-cell infiltration 
and activation [13]. Although CsA has been used 
successfully in the treatment of psoriasis, in most cases the 
physician must weigh the risk of side effects with the need 
for treatment based on the severity of the disease. Similarly, 
while CsA was efficacious in controlled trials for the 
treatment of systemic lupus erythematosus (SLE) and 
inflammatory bowel diseases (IBDs), its use is frequently 
associated with side effects of which nephropathy and 
hypertension are the most common [14-1 6,1 !•]. These results 
suggest that an Ick-selective inhibitor with improved safety 
characteristics could offer an effective treatment for 
psoriasis, IBDs and SLE. 
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Evidence for a causal role for T-cells in the pathophysiology 
of other immune diseases is less conclusive. Disease 
induction in murine experimental autoimmune 
encephalomyelitis, a model of multiple sclerosis (MS) 
requires activated T-cells and can be induced in naive 
animals by the transfer of T-cell clones specific for 
encephalitogenic antigens [18]. In humans, the increased 
relative risk of individuals who are HLADR2 positive 
implies a role for T-cells in the initiation of the disease [19]. 
Additionally, the presence of T-cells in the inflammatory 
infiltrate in the white matter of MS patients and the 
exacerbation of disease by Thl cytokines in murine models 
suggests a prominent role for T-cells in the inflammatory 
process that is a hallmark of the disease [20]. Animal models 
and human studies strongly suggest that T-cells are a 
necessary driver in the onset of type I diabetes, although there 
is no evidence that T-cell inhibitors will be advantageous once 
islet cell destruction is complete. It has been observed that 
peripheral T-cell activation in response to TCR stimulation is 
actually reduced in type 1 diabetic patients [21,22]. One study 
demonstrates a correlation between T-cell hyporespon- 
siveness and reduced levels of lck in a cohort of patients with 
type 1 diabetes, supporting the hypothesis that an inhibitor 
leading to reduced lck activity might not be useful for the 
treatment of active diabetes [23]. 

The role of T-cells in the pathogenesis of rheumatoid 
arthritis (RA) and in related diseases, such as 
spondyloarthropathies, continues to be controversial 
[24»,25»]. The response of RA patients to T-cell directed 
approaches such as CsA, antibodies to CD4 or IL-2 
receptor/diphtheria toxin fusion proteins was modest 
compared to, for example, anti-tumor necrosis factor (TNF) 
therapies. While large numbers of T-cells are detected in 
synovial tissue and fluid of RA patients, there are only low 
levels of T-cell-derived cytokines - especially in comparison 
to the high levels of monokines derived from other immune 
cells in the synovium [26], Perhaps the best evidence for a 
pivotal role for T-cell involvement is the fact that RA 
susceptibility and severity are associated with specific class 
II MHC alleles. Studies in a TCR transgenic mouse that 
spontaneously develops a disease with most of the features 
of human RA suggest that T-cells may be required for 
disease initiation, but not for maintenance of the condition 
[27]. On the other hand, it was reported that T-cells may 
function as regulators of bone physiology via regulation of 
osteoprotegerin-ligand and this mechanism might offer an 
explanation for bone loss associated with immune disease 
[28] . It has been suggested that the evidence as a whole still 
points to a role for T-cells in both the induction and 
maintenance of RA and that the role of T-cells in disease 
maintenance might be obscured by the presence of 
inhibitory Th2 cytokines [29]. 

Current development of lck inhibitors 

Pfizer's pyrazolopyrimidine derivatives such as PP1 (Figure 
2) and PP2 were some of the first src family-selective 
inhibitors described in the literature. PP1 was reported to 
have an IC^ value of approximately 5 nM and to have 
micromolar activity in cellular assays [30]. Subsequently, 
there has been a rich patent literature claiming src family 
kinase inhibitors (Figure 3), particularly inhibitors of lck, for 
treatment of immune diseases, and inhibitors of src for 
treatment of cancer and modulation of bone metabolism 



[31]. Sequence alignments and modeling studies of the 
catalytic domains of the src family kinases show that 
similarity between any two members is > 70%, can be as 
high as 90% and that the key residues for ATP and substrate 
binding are highly conserved [32]. Even when comparing 
src kinase catalytic domains to distantly related kinases 
there is a very high level of homology, but there are now 
numerous examples of compounds with good selectivity 
against non-src kinases. Obtaining inhibitor selectivity 
within the src family presents a daunting challenge and few 
examples of significant selectivity have been reported. 
Recent efforts to overcome this significant selectivity barrier 
include structural studies of lck in complex with non- 
selective and src family-selective inhibitors, as well as src 
kinase mutagenesis studies [33»,34«]. 

As more is understood about the structural elements and 
regulatory mechanisms of an increasing number of kinases, 
another significant hurdle to the identification of potent, 
selective lck kinase inhibitors (or selective inhibitors of other 
kinases) has become apparent. While few groups report the 
activation status of the enzymes used in their in vitro assays 
for establishment of inhibitor activities and selectivity 
profiles, src family kinases are known to have distinct 
structures depending on the phosphorylation state of the 
activation loop [35]. The activation status of an enzyme can 
have a major effect on potency measurements for some 
inhibitor series and testing with uncharacterized enzymes 
can lead to misinterpretation of the compound selectivity 
profiles. Based on a co-crystal structure of lck in complex 
with PP1, it was suggested that there may be greater 
opportunity for obtaining selectivity by targeting 
compounds to the autoinhibited form of kinases in the src 
family [32,36]. These structural studies highlight the 
importance of precise characterizations of screening 
enzymes. Evaluation of the kinase inhibitor literature is also 
complicated by the fact that few groups share similar assay 
conditions especially with regard to concentration of ATP, 
and this information is often not reported. Since the majority 
of kinase inhibitors are ATP competitive, variation in this 
condition can have dramatic effects on IC^ values. 
Additionally, discrepancies between in vitro assay activity 
and cellular activity data would certainly occur if the ATP 
concentration used for assays with isolated enzymes is not 
reflective of the concentration of ATP in the target cell. There 
is evidence that the concentration of ATP in human cells is 
in the millimolar range [37]. 

Examples of both of these issues, ie, enzyme activation state 
and assay conditions, were presented for a series of potent 
pyrrolopyrimidines (BSF1, BSF2, Figure 2) [38,39»]- 
Compounds in this series showed lower IC W values (up to 
100-fold) when tested in vitro with an autoinhibited form of 
lck, compared to a version of the protein that was 
phosphorylated on the activation loop and thereby 
activated. In addition, biological data were presented for 
assays at two concentrations of ATP. Increasing the ATP 
concentration from 5 ^iM to 1 mM has the expected effect of 
increasing the IC^ values of the compounds tested. The in 
vitro potency of representatives from this pyrrolopyrimidine 
series is reflected both in the nanomolar activity observed in 
cell-based assays and the activity in vivo after oral 
administration in a murine model of interleukin (IL)-2 
production (ED X - 25 mg/kg). 



1216 Current Opinion in Investigational Drugs 2001 Vol 2 No 9 



Figure 2. Structures of Ick inhibitors from the primary literature. 
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Numerous publications report src family kinase inhibitors 
with selectivity against representative kinases from other 
families. In 1998, RW Johnson described an indandione 
derivative which inhibited Ick with an IC^ of 32 nM at 50 uM 
ATP and had > 50-fold less activity against protein kinase (PK) 
A and 14-fold less activity against c-src [40]. At a recent 
meeting, Celltech reported benzo[h]-5,6-dihydroquinazoline-2- 
amine-derived Ick inhibitors exemplified by CT-5652 (Figure 2) 
with the most potent compound having an IC M of 1.1 nM 
against Ick [41] and selectivity against PKC, epidermal growth 
factor receptor (EGFR), csk and cdc2. Celltech has also filed a 
number of patents claiming other inhibitor series that potently 
inhibit Ick and have selectivity against other kinases (Figure 3), 
but few biological data are disclosed [101-103]. Additionally, 
research groups at both Merck and Bristol-Myers Squibb have 
patents describing src family inhibitors (Figure 3) [104-108]. All 
contain claims for inhibition of Ick in particular and for use in 
treatment of immune disorders, but no biological data are 
included. However, Bristol-Myers Squibb did disclose 
biological data for BMS-279700 (Figure 2) from a 1,5- 
imidazoquinoxaline series at a recent meeting. This src family- 
selective kinase inhibitor is reported to have sub-micromolar 
activity in cellular assays as well as significant activity in 
murine models of T-cell- and monocyte-mediated responses 
when administered topically, sc or po [42«]. 

AstraZeneca claims quinoline- and quinazoline-derived 
tyrosine kinase inhibitors for use in T-cell-mediated diseases 
(Figure 3) [109,110]. One quinoline has an IC^ value of 30 nM 
against Ick in vitro, an IC^ of 700 nM in a cellular assay of TCR- 
stimulated proliferation, and selectivity against EGFR and /or 
vascular endothelial growth factor receptor (VEGFR). Novartis 
has a series of publications describing a number of pyrrolo[2,3- 




CT-S652 

(Celltech) 



cfl-pyrimidine with sub-micromolar activity on c-src [43,44]. 
Additionally, compounds with a pyrrolo or pyrazolo 
pyrimidine core structure have been reported by Knoll/BASF 
to be potent inhibitors of Ick [111-115]. Parke-Davis [45], 
Wyeth-Ayerst [46,47] and SUGEN [116, 117] have all reported 
inhibitors of src (Figure 3), many of which are likely to have 
activity on all members of the src family and thus may be good 
leads for Ick inhibitor development. 

In addition to the reversible src family inhibitors described 
above, Abbott has described an irreversible isothiazolone 
inhibitor of Ick kinase activity that leads to modification of 
cysteine SH groups in the catalytic domain [48]. Finally, 
there have been attempts to develop compounds that bind 
to the Ick SH2 protein- protein interaction domain, serving to 
prevent the adaptor function of this domain and thereby 
block downstream signaling [49.50]. This approach may 
prove to be less fruitful as current SH2 inhibitors appear to 
lack 'drug-like' properties. 

Conclusions 

The evidence presented above and in the referenced sources 
supports the hypothesis that a safe and efficacious T-cell 
inhibitor should be an effective treatment for transplant 
rejection and for some autoimmune diseases. The Ick protein 
tyrosine kinase continues to be an attractive small molecule 
target for the treatment of such disorders. Recent advances 
in the structural biology of the src family kinases may 
accelerate discovery of selective compounds for use as Ick 
inhibitors. Optimization of even the current leads may allow 
discovery of appropriate compounds with in vivo activity in 
immune-mediated disease models to determine the real 
usefulness of T-cell inhibitors. 
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Overexpression and amplification of hepatocyte 
growth factor. (HGF) receptor (Met) have been detected 
in many types of human cancers, suggesting a critical 
role for Met in growth and development of malignant 
cells. However, the molecular mechanism by which Met 
contributes to tumorigenesis is not well known. The ty- 
rosine kinase c-Src has been implicated as a modulator 
of cell proliferation, spreading, and migration; these 
functions are also regulated by Met. To explore whether 
c-Src kinase is involved in HGF-induced cell growth, a 
mouse mammary carcinoma cell line (SP1) that co-ex- 
presses HGF and Met and a nonmalignant epithelial cell 
line (MvlLu) that expresses Met but not HGF were used. 
In this study, we have shown that c-Src kinase activity is 
constitutively elevated in SP1 cells and is induced in 
response to HGF in MvlLu cells. In addition, c-Src ki- 
nase associates with Met following stimulation with 
HGF. The enhanced activity of c-Src kinase also corre- 
lates with its ability to associate with Met. Expression of 
a dominant negative double mutant of c-Src (SRC-RF), 
lacking both kinase activity (K295R) and a regulatory 
tyrosine residue (Y527F), in SP1 cells significantly re- 
duced c-Src kinase activity and strongly blocked HGF- 
induced motility and colony growth in soft agar. In con- 
trast, expression of the dominant negative c-Src mutant 
had no effect on HGF-induced cell proliferation on plas- 
tic. Taken together, our data strongly suggest that HGF- 
induced association of c-Src with Met and c-Src activa- 
tion play a critical role in HGF-induced cell motility and 
anchorage-independent growth of mammary carcino- 
mas and further support the notion that the presence of 
paracrine and autocrine HGF loops contributes signifi- 
cantly to the transformed phenotype of carcinoma cells. 
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Evidence supports a role of hepatocyte growth factor (HGF) 1 
and its receptor, the product of the met protooncogene, in both 
normal (1, 2) and malignant (3-5) epithelial cell development. 
In addition, a majority of human breast cancers show increased 
expression of HGF and Met (6-8), and this high level of HGF 
expression correlates with recurrence and poor patient survival 
(9). Met is also overexpressed in several other human cancers, 
including ovarian (10), melanoma (11), colon carcinomas (12), 
and osteosarcomas (13). Collectively, these observations sug- 
gest that activation of Met by overexpression, gene amplifica- 
tion, or establishment of an HGF autocrine loop may contribute 
to growth and development of mammary carcinomas. Previous 
studies demonstrated that co-expression of HGF and Met (4, 
14), as well as expression of a constitutively active Met (Tpr- 
Met) in NIH-3T3 fibroblasts (15, 16) directly leads to cell 
transformation and tumorigenicity. However, the molecular 
mechanism by which HGF binding to its receptor elicits cell 
transformation is not fully understood. 

A number of cytoplasmic signaling proteins, such as phos- 
phatidylinositol (PI) 3-kinase, Grb2, She, Ras, and c-Src, have 
been shown to be involved in Met-dependent signal transduc- 
tion pathways (17, 18). It is important to establish which of 
these signaling proteins regulate Met-dependent steps in tu- 
mor progression, because different signaling proteins may reg- 
ulate various HGF-induced cellular functions, including mito- 
genic, motogenic, and morphogenic signals in target cells (18- 
22). The HGF-mediated signaling pathway is further 
complicated by the observation that the majority of SH2-con- 
taining cytoplasmic effectors bind to a single multifunctional 
docking site on the cytoplasmic domain of Met, whereas a 
second site is required for Grb2 binding (17, 18). Recent find- 
ings using a mutational approach demonstrated that different 
HGF-induced effects are regulated by these separate Met bind- 
ing sites for cytoplasmic transducers (23-25) and that comple- 
mentation in trans between these two binding sites is required 
for the invasive-metastatic phenotype (25). However, to study 
the role of specific SH2-containing cytoplasmic effectors in 
HGF receptor function, approaches to target individual cyto- 
plasmic effectors are required. Recently, we (26) and others (27) 
have demonstrated that PI 3-kinase activity is required for HGF- 
induced mitogenic (26) and motogenic functions (27). These find- 
ings strongly argue that PI 3-kinase may play an important 
role in HGF-mediated growth of mammary carcinomas. 

The tyrosine kinase c-Src is activated in response to HGF 
(17, 18) and other growth factors such as platelet-derived 
growth factor (PDGF) (28-30), fibroblast growth factor (31), 



1 The abbreviations used are: HGF, hepatocyte growth factor; PI, 
phosphatidylinositol; FBS, fetal bovine serum; PAGE, polyacrylamide 
gel electrophoresis; PIPES, 1,4-piperazinediethanesulfonic acid; PDGF, 
platelet-derived growth factor. 
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and epidermal growth factor (32). c-Src kinase activity is 
known to modulate cell proliferation (33, 34), spreading (35, 
36), and migration (36-38) in many cell types; these functions 
are also regulated by HGF (19-23). c-Src kinase activity is 
increased 4-fold in human breast cancer (39, 40) and is also 
elevated in Neu-induced mouse mammary carcinomas in trans- 
genic mice (41, 42). Activation of c-Src tyrosine kinase in trans- 
genic mice induces mammary epithelial hyperplasias and is 
required, but is not sufficient, for induction of mammary tu- 
mors in polyoma virus middle T-transgenic mice (42, 43). Alto- 
gether, these observations support the notion that increased 
c-Src kinase activity in mammary carcinomas plays an impor- 
tant role in mammary tumor growth and development. How- 
ever, the role of c-Src kinase in HGF-induced functions in 
mammary carcinoma cells is not clearly known. 

To analyze whether c-Src kinase is involved in HGF-induced 
mammary carcinoma cell growth, we used a mouse mammary 
carcinoma cell line, SP1, which expresses HGF and tyrosine- 
phosphorylated Met, thereby generating an autocrine HGF 
loop in these cells (44). Our current results demonstrate that 
c-Src kinase activity is elevated in SP1 cells, compared with 
nonmalignant MvlLu epithelial cells. The increased activity of 
c-Src kinase correlates with its ability to associate with ty- 
rosine-phosphorylated Met. We therefore examined the effect 
of expressing a dominant negative mutant form of c-Src on 
c-Src kinase activity and HGF-induced cell motility and an- 
chorage-independent growth of SP1 carcinoma cells. Taken 
together, our findings show that c-Src kinase activation plays a 
significant role in HGF-induced cell motility and anchorage- 
independent growth, characteristics of the transformed 
phenotype. 

EXPERIMENTAL PROCEDURES 

Antibodies — Rabbit anti-sheep IgG conjugated to horseradish perox- 
idase was from Jackson ImmunoResearch Laboratories (Westgrove, 
PN). Mouse anti-phosphotyrosine (PY20) monoclonal antibody was pur- 
chased from Transduction Laboratories (Lexington, KT). Rabbit anti-c- 
Src IgG, anti-Met (mouse) IgG, and anti-PLC-yl IgG were obtained 
from Santa Cruz Biotechnology (San Diego, CA). 

Tissue Culture and Cell Lines — MvlLu cells are members of a mink 
lung epithelial cell line obtained from ATCC (Rockville, MA). Mainte- 
nance medium for MvlLu cells was Dulbecco's modified Eagle's medium 
(Life Technologies, Inc.) supplemented with 10% FBS. The SP1 tumor 
cell line is derived from a spontaneous poorly metastatic murine mam- 
mary intraductal adenocarcinoma and expresses HGF and Met. The 
characteristics of the SP1 cell line have been described elsewhere (45, 
46). Maintenance medium for SP1 cells was RPMI 1640 (Life Technol- 
ogies, Inc.) supplemented with 7% FBS (Life Technologies, Inc.). 

Cell Transfection — cDNAs encoding wild type c-src (SRC) and a dom- 
inant negative double mutant of c-src (SRC-RF) with loss-of-function 
mutations in the kinase domain (K295R) and a regulatory tyrosine 
residue (Y527F) ligated into the pRc/CMV plasmid (Invitrogen, San 
Diego, CA) carrying the neomycin resistance marker were obtained 
from Dr. J. Brugge (47). SP1 cells expressing the mutant c-Src and wild 
type c-Src were established using the stable transfection Lipo- 
fectAMINE (Life Technologies, Inc.) method (48). Briefly, SP1 cells were 
grown to 80% confluence. The DNA (1 jig) was mixed with Lipo- 
fectAMINE reagent (9 jaU in 200 /xl of serum-free medium and was 
incubated for 15 min at room temperature. Before transfection, cells 
were washed once with 2 ml of serum-free medium. For each transfec- 
tion, the mixed DNA and LipofectAMINE were combined with 0.8 ml of 
serum-free RPMI 1640 medium, and the cells were incubated with this 
transfection mixture. After 5 h of incubation, an equal volume of RPMI/ 
14% FBS was added to the transfection medium, and incubation pro- 
ceeded for an additional 24 h. For most experiments, pooled transfected 
cells selected with G418 (450 /xg/ml) were used. In one experiment, SP1 
cells were transfected with SRC-RF or SRC, and clones were isolated 
and tested for Src kinase activity and colony forming efficiency. 

Cell Proliferation and Colony Growth Assay— Cell proliferation was 
carried out as described elsewhere (45). Briefly, SP1 carcinoma cells 
and MvlLu cells were plated at 10 4 cells/well in 24-well plates under 
the various conditions indicated. DNA synthesis was measured by 
adding 0.2 /xCi of [ 3 H] thymidine (Amersham Pharmacia Biotech, 



Oakville, ON, Canada) at 24 h. After an additional 24 h, cells were 
harvested with trypsin/EDTA. Aliquots of cells were placed in 96-well 
microtiter plates and transferred to filters using a Titertek cell har- 
vester (ICN, Costa Mesa, CA), and [ 3 H]thymidine incorporation was 
measured in a scintillation counter (Beckman, Mississauga, ON, Can- 
ada). Results are expressed as the mean cpm/well ± S.D. of triplicates. 

Colony growth assays were performed as described previously (49). 
Briefly, a solution of 1.2% Bactoagar (Difco Lab) was mixed (1:1) with 
2X RPMI 1640, supplemented with FBS at final concentrations of 7 or 
1% alone or with HGF as indicated, and layered onto 60 X 15-mm tissue 
culture plates. SP1 cells (10 3 /2.5 ml) were mixed in a 0.36% Bactoagar 
solution prepared in a similar way and layered (2.5 ml/plate) on top of 
the 0.6% Bactoagar layer. Plates were incubated at 37 °C in 5% C0 2 for 
8-10 days. Colonies were fixed with methanol, stained with Giemsa, 
and counted manually. Results are expressed as mean number of colo- 
nies per dish ± S.D. of quadruplicates. 

Cell Motility Assay — To measure cell motility, Transwell culture 
inserts (8-/Am pore size) (Costar, Toronto, ON, Canada) were coated 
uniformly with gelatin (0.25% w/v, Sigma, Oakville, ON, Canada) on 
both sides for 2 min at room temperature (50). Membranes were washed 
twice with serum-free RPMI 1640 medium and inserted into a 24-well 
culture plate (Costar, Toronto, ON, Canada) with 1 ml of RPMI 1640 
containing 0.5 mg/ml bovine serum albumin (Life Technologies, Inc.). 
Cells were grown to 50% confluence, serum-starved overnight, and 
harvested in 5 mM EDTA. Cells (2 X 10 4 /100 /xl) were plated in the 
insert and incubated for 6-8 h at 37 °C. Following the incubation, 
excess medium was removed, and cells were fixed in 1% paraformalde- 
hyde (Sigma) for 15 min and stained with hematoxylin (Fisher, 
Oakville, ON, Canada). Cells on the upper side of the membrane were 
removed by wiping with cotton. Cells on the under side of the membrane 
were counted using an inverted microscope with phase contrast illumi- 
nation. Cell motility is expressed as the number of migrating cells per 
well. In a parallel study, a wounding assay was performed, as described 
previously (36). Briefly, monolayers of each cell type were "wounded" by 
scraping with an Eppendorf yellow tip, washed, and incubated alone or 
with HGF for varying times. Migration was assessed visually by the 
ability of cells to close the wounded area. 

Immunoprecipitation and Western Blotting — Cells were grown to 
confluence and serum-starved for 24 h. Cells were rinsed with cold 
phosphate-buffered saline three times and lysed in a lysis buffer con- 
taining 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 1 mM 
Na 3 V0 4 , 50 mM NaF, 2 mM EGTA, 2 /xg/ml aprotinin, 2 tig/ml leupeptin, 
and 1 mM phenylmethylsulfonyl fluoride. Lysates were centrifuged for 
10 min at 14,000 rpm in an IEC/Micromax centrifuge at 4 °C. Protein 
concentration of supernatants was determined using a bicinchoninic 
acid protein assay (Pierce). Equal protein amounts from each cell lysate 
were incubated with the indicated antibodies at 4 "C for 2 h or over- 
night. Immunoprecipitates were collected on protein A-Sepharose (Am- 
ersham Pharmacia Biotech), washed three times with lysis buffer, 
separated by SDS-PAGE, and transferred to a nitrocellulose mem- 
brane. The membrane was blocked for 15 min with 3% skimmed milk in 
TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% Tween 20), and 
probed for 1 h with the indicated antibodies. The membrane was 
washed three times for 5 min each with TBST buffer, incubated with 
horseradish peroxidase-labeled secondary anti-rabbit or anti-mouse an- 
tibodies for 15 min, and washed three times with TBST for 10 min each 
time. Immune complexes were detected using ECL (Amersham). 

In Vitro c-Src Kinase Assay — In most experiments, an in vitro c-Src 
kinase assay using enolase as a substrate was performed as described 
previously (51). Briefly, lysates from SP1 and MvlLu cells were pre- 
pared, and equal protein amounts from each cell lysate were immuno- 
precipitated with anti-c-Src IgG (Santa Cruz Biotechnology) as de- 
scribed above. The amount of anti-c-Src IgG was pre-determined to be 
in excess over c-Src protein, indicating that the majority of c-Src protein 
in cell lysates is immunoprecipitated (data not shown). One-half of each 
immunoprecipitate was subjected to SDS-PAGE under nonreducing 
conditions and Western blot analysis to confirm the amount of c-Src 
protein present. The other half of each immunoprecipitate was assayed 
for c-Src kinase activity, by incubating with 10 til of reaction buffer (20 
mM PIPES, pH 7.0, 10 mM MnCl 2 , 10 ttM Na 3 V0 4 ), 1 /a1 of freshly 
prepared acid-denatured enolase (Sigma) (5 /xg of enolase + 1 /il of 50 
mM HC1 incubated at 30 °C for 10 min then neutralized with 1 jaI of 1 M 
PIPES, pH 7.0), and 10 /xCi of [y- 32 P]ATP. After 10 min of incubation at 
30 °C, reactions were terminated by the addition of 2x SDS sample 
buffer, and samples were subjected to 8% SDS-PAGE. Serine and thre- 
onine phosphorylations were hydrolyzed by incubating the acrylamide 
gel in 1 M KOH at 45 °C for 30 min, followed by fixing in 45% MeOH and 
10% acetic acid for 30 min at room temperature and drying for 2 h at 
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Fig. 1. c-Src kinase activity is elevated in SPI carcinoma cells 
compared with MvlLu epithelial cells. Cell lysates were prepared 
from serum-starved MvlLu and SPI cells treated without (-) or with 
(+) HGF (40 ng/ml) for 10 min and were immunoprecipitated with 
anti-c-Src IgG. Immunoprecipitates were subjected to an in vitro kinase 
assay using enolase as a substrate, and kinase activity was measured 
as described under "Experimental Procedures." A, autoradiogram show- 
ing 32 P-labeled enolase. B, quantitation of autoradiogram using Phos- 
phorlmager. Results are expressed as the percentage of cpm in un- 
treated MvlLu cells (100%), normalized to the amount of c-Src protein 
in C. The means ± range of two experiments are shown. Similar results 
were obtained using the c-Src kinase family-specific cdc2 peptide as 
substrate (data not shown). C, Western blot analysis of immmunopre- 
cipitates in A, probed with anti -c-Src IgG. 



HGF + 



pi 45™'-* 



kDa 
-200 

- 110 

- 71 

-43 



Blot: Anti-Met 



B 



HGF 



p60°^ IM 



kDa 

-110 

-71 

-43 



Blot: Anti-c-Src 

Fig. 2. c-Src kinase binds to tyrosine-phosphorylated Met. Cell 
lysates derived from serum-starved MvlLu cells treated without (— ) or 
with (+) HGF (40 ng/ml) for 15 min were immunoprecipitated with 
anti-c-Src IgG (A) or anti-Met IgG (B). The immune complexes were 
separated by 8% SDS-PAGE and immunoblotted with anti-Met IgG (A) 
or anti-c-Src IgG (£). Protein molecular mass standards are shown on 
the right. This experiment was done twice with similar results. 



80 °C under a vacuum. Autoradiograms were produced and quantitated 
using a Storm Phosphor Imager (Molecular Dynamics, Sunnyvale, CA). 

In some experiments (see Fig. 3), c-Src kinase activity was assayed 
according to Cheng et al. (52) using the c-Src tyrosine kinase family- 
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Fig. 3. Detection of c-Src kinase activity in Met immunopre- 
cipitates. A, equal amounts of cell lysates derived from serum-starved 
SPI cells were immunoprecipitated with anti-c-Src antibody (bar I) or 
anti-Met antibody (bar II). The supernatant from immunoprecipitates 
of anti-Met antibody was subsequently immunoprecipitated with anti- 
c-Src antibody (bar III). In vitro c-Src kinase activity was determined as 
described under "Experimental Procedures" using the c-Src kinase fam- 
ily-specific cdc2 peptide substrate. The amount of radiolabeled cdc2 
substrate was determined and plotted as c-Src kinase activity (cpm/ 
well) (top panel). Half of each immunoprecipitate in the top panel was 
subjected to SDS-PAGE, and p60 c src protein in each sample was iden- 
tified by immunoblotting with anti-c-Src antibody (bottom panel). B, 
equal amounts of cell lysates derived from serum-starved SPI cells were 
immunoprecipitated with anti-Met antibody or anti-c-Src antibody un- 
der more stringent conditions with RIPA buffer to prevent co-precipi- 
tation of other proteins (see "Experimental Procedures"). The immuno- 
precipitates were used in an in vitro c-Src kinase assay with the c-Src 
kinase family-specific cdc2 substrate. As a control, a reaction containing 
no protein (None) was carried out concurrently. Results are plotted as 
c-Src kinase activity (cpm/well) as in A. Anti-Met immunoprecipitates 
under these more stringent conditions showed no significant phospho- 
rylation of the cdc2 substrate. 

specific cdc2 peptide substrate. Anti-c-Src or anti-Met immunoprecipi- 
tates prepared as above were incubated with 40 p\ of a reaction buffer 
(100 mM Tris-HCl, pH 7.0, 0.4 mM EGTA, 0.4 mM Na 3 V0 4 , 40 mM 
Mg(OAc) 2 ), 5 /il of cdc2 peptide (Life Technologies, Inc., 250 pLM/assay), 
5 /ml of cold ATP (25 /am), and 2.5 /xCi of [y- 32 P!ATP. A control consisting 
of immunoprecipitation with anti-Met IgG under more stringent condi- 
tions with RIPA buffer (150 mM NaCl, 1.0% Nonidet P-40, 0.5% deoxy- 
cholate, 0.1% SDS, 50 mM Tris, pH 8.0) where c-Src would not be 
co-precipitated was also carried out. After 15 min of incubation at 37 °C, 
reactions were terminated by the addition of 20 /il of 40% trichloroacetic 
acid and incubated for an additional 5 min. Aliquots subsequently were 
blotted on to p81 paper (Whatman, Fisher, Ottawa, ON, Canada). The 
p81 paper was washed three times (5 min/wash) with 0.75% phosphoric 
acid and once with acetone at room temperature, and the radiolabeled 
c-Src kinase substrate was counted in a liquid scintillation counter. 

In Vitro Met Kinase Assay — Cell lysates from SPI and MvlLu cells 
were prepared, and equal protein amounts of each lysate were immu- 
noprecipitated with anti-Met IgG as described above. Immunoprecipi- 
tates were washed twice with cold lysis buffer and once with cold kinase 
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Fig. 4. Effect of transfected domi- 
nant negative SRC-RF on Src kinase 
activity in SP1 cells. Pooled SP1 cells 
transfected with SRC-RF or SRC or un- 
treated SP1 cells were plated at 70% con- 
fluence and prestarved overnight. Cells in 
each group were then cultured alone, with 
HGF (40 ng/ml), or with 0.5 or 7% FBS, 
and an in vitro c-Src kinase assay using 
enolase as a substrate was performed as 
described under "Experimental Proce- 
dures." A and D, autoradiograms showing 
32 P-labeled enolase. B, and E, quantita- 
tion of autoradiogram using densitome- 
try. Results are normalized to amount of 
c-Src protein in C and F. C, and F> West- 
ern blot analysis of immmunoprecipitates 
in A and D, probed with anti-c-Src IgG. 
This result is representative of five 
experiments. 
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buffer (20 mM PIPES, pH 7.0, 10 raM MnCl 2 , 10 /iM Na 3 V0 4 ). In vitro 
Met kinase activity was determined by incubating immunoprecipitates 
with 20 ;ul1 of kinase buffer containing 10 /iCi of [7- 32 P]ATP at 30 °C for 
10 min. The reaction was stopped by addition of 2x SDS sample buffer 
containing 5% /3-mercaptoethanol. Samples were boiled for 3 min and 
subjected to 1% SDS-PAGE. Serine and threonine phosphorylations 
were hydrolyzed by incubating the acrylamide gel in 1 M KOH at 45 °C 
for 30 min, followed by fixing and drying as described above. Autora- 
diograms were produced and quantitated using a Storm Phosphorlm- 
ager (Molecular Dynamics). 

RESULTS 

Detection of Elevated c-Src Tyrosine Kinase Activity in SP1 
Carcinoma Cells — SP1 carcinoma cells express HGF and ty- 
rosine-phosphorylated Met, consistent with an HGF autocrine 
loop in these cells (44). To test the possibility that activation of 
c-Src kinase may be involved in Met-induced signaling path- 
ways, we measured the kinase activity of c-Src in SP1 carci- 
noma cells and an HGF-sensitive epithelial cell line, MvlLu. 
c-Src kinase activity was measured by the capacity of c-Src 
immunoprecipitates from these cells to tyrosine phosphorylate 
the substrate, enolase. c-Src immunoprecipitates from serum- 
starved SP1 cells showed a pronounced elevated kinase activ- 
ity, which increased only slightly following treatment with 
exogenous HGF (Fig. 1). In contrast, c-Src kinase activity in 
MvlLu cells was highly dependent on stimulation of cells with 
exogenous HGF (Fig. 1). The levels of c-Src kinase activity 
observed correlated with the constitutive tyrosine phosphoryl- 
ation of Met (44) and in vitro Met kinase activity (data not 
shown) in SP1 cells, and the HGF-induced tyrosine phospho- 
rylation of Met in MvlLu cells (Ref. 26 and data not shown). 

Association of c-Src Kinase Protein and Activity with Acti- 
vated Met — It is conceivable that the high level of c-Src kinase 
activity in SP1 cells, could have resulted from interaction of 



c-Src with activated Met due to an autocrine HGF loop in these 
cells (44). To test for interaction of c-Src kinase family proteins 
with activated versus nonactivated Met, we first examined the 
association of c-Src with Met in MvlLu cells that express Met 
but not HGF. Serum-starved MvlLu cells were incubated alone 
or with HGF, and cell lysates were immunoprecipitated with 
anti-Met IgG or an ti -c-Src IgG. Protein precipitates were elec- 
trophoresed and subjected to Western blotting with anti-c-Src 
IgG or anti-Met IgG, respectively. As shown in Fig. 2 (A and E), 
an increased amount of c-Src protein was recovered from anti- 
Met immunoprecipitates and vice versa in cell lysates from 
HGF-treated MvlLu cells compared with untreated MvlLu 
cells. We also showed that association of c-Src kinase with Met 
occurred via the SH2 domain of c-Src and correlated with 
tyrosine phosphorylation of Met (data not shown). It should be 
noted that a trace amount of c-Src protein was detected in 
lysates of unstimulated cells immunoprecipitated with anti- 
Met IgG and blotted with anti-c-Src IgG, possibly due to incom- 
plete starvation of these cells before HGF stimulation (Fig. 2B). 
Thus, stimulation with HGF causes increased association of 
c-Src protein with Met. 

To determine whether elevated activity of c-Src kinase in 
SP1 cells correlates with its ability to associate with Met, 
serum-starved SP1 cells were immunoprecipitated with anti- 
Met IgG or anti-c-Src IgG, and immunoprecipitates were tested 
for the ability to tyrosine phosphorylate the c-Src kinase fam- 
ily-specific cdc2 peptide substrate (52). As shown in Fig. 3A 
(bars I and II), similar amounts of c-Src kinase protein and 
activity were recovered from immunoprecipitates of both anti- 
Met and anti-c-Src antibodies. In contrast, immunoprecipitates 
from anti-Met IgG under more stringent conditions with RIPA 
buffer where c-Src is not co-precipitated resulted in no signifi- 
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Fig. 5. Expression of dominant negative mutant SRC-RF does 
not alter Met protein levels or activity and downstream signal- 
ing. A, SP1 cells transfected with SRC-RF or SRC or untreated SP1 
cells were prestarved overnight and lysed as described in the legend to 
Fig. 1. Equal amounts of protein from each lysate were concentrated on 
Microcon 10 filters (Amicon Inc., Beverly, MA) and analyzed by Western 
blotting with anti-Met IgG (top panel). The blot was stripped and 
reprobed with anti-phosphotyrosine antibody (middle panel). Cell ly- 
sates were also immunoprecipitated with anti-Met IgG, and immuno- 
precipitates were subjected to an in vitro Met kinase assay as described 
under "Experimental Procedures." The autoradiogram depicting 32 P- 
labeling of Met is shown (bottom panel). Relative band intensities and 
amount of 32 P labeling was determined using a Storm Phosphorlmager. 
The relative amount of Met tyrosine phosphorylation (1.0, 1.0, or 1.0) or 
of in vitro Met autophosphorylation (1.0, 1.1, or 1.0) was not signifi- 
cantly different among the three cell lines. B, serum-starved SP1 cells 
transfected with SRC-RF or SRC and untreated SP1. cells were lysed as 
described in the legend to Fig. 1. Prestarved MvlLu cells untreated or 
treated with HGF (40 ng/ml) for 10 min were used as negative and 
positive controls, respectively. Equal amounts of protein from each 
lysate were immunoprecipitated with anti-PCL-yl IgG. Immunopre- 
cipitates were subjected to 7% SDS-PAGE and transferred to nitrocel- 
lulose. The blot was probed with anti-PCL-yl IgG (top panel) before 
being stripped and reprobed with anti-phosphotyrosine antibody (bot- 
tom panel). This experiment was done twice with similar results. IP, 
immunoprecipitation; IB, immunoblot. 



cant phosphorylation of cdc2 peptide (Fig. 35), confirming the 
specificity of the cdc2 peptide as a substrate for c-Src (52). Thus 
a significant portion of c-Src kinase activity is associated with 
activated Met in SP1 cells. To further evaluate the contribution 
of c-Src association with Met, the supernatant from the immu- 
noprecipitate of anti-Met IgG was immunoprecipitated for a 
second time with anti-c-Src IgG and subjected to the in vitro 
c-Src kinase assay. As shown in Fig. 3A (bar III), some c-Src 
kinase activity was detected in the Met-depleted SP1 cell ly- 
sate; however, it was with much lower activity, corresponding 
to the reduced amount of c-Src protein present. Immunopre- 
cipitation of SP1 cell lysates with higher concentrations of 
anti-Met IgG and subsequently with anti-c-Src IgG showed a 
similar result (data not shown). These results demonstrate that 
the majority of c-Src kinase activity correlates with its ability 
to associate with Met in SP1 cells. 
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Fig. 6. Effect of transfected dominant negative SRC-RF on 
growth of SP1 cells in agar. Pooled SP1 cells transfected with 
SRC-RF or SRC or untreated SP1 cells were cultured (10 3 cells/dish) in 
60-mm tissue culture plates in soft agar (0.36%) with RPMI 1640 
medium supplemented with 7% FBS (A) or 1% FBS plus HGF at the 
concentrations indicated (B) as described previously (49). After 8 days, 
colonies were stained with Giemsa and counted visually. Results are 
expressed as the mean colony numbers ± S.D. of quadruplicate cul- 
tures. This experiment was done three times with similar results. 

c-Src Kinase Activity Is Required for Colony Growth in Agar, 
but Not Cell Proliferation on Plastic — SP1 cells exhibit para- 
crine stimulation by HGF of colony growth in agar and prolif- 
eration on plastic (45, 49). To determine whether c-Src kinase 
activity is required for HGF-induced proliferation or colony 
growth in agar, an expression vector (SRC-RF) containing 
cDNA encoding a dominant negative double mutant of c-src 
with loss-of-function mutations in the kinase domain (K295R) 
and a regulatory tyrosine residue (Y527F) (47) was stably 
transfected into SP1 cells. A control consisted of cells trans- 
fected with the same vector expressing wild type c-src (SRC). 
Uncloned (pooled) transfected cells were selected in G418-con- 
taining medium and assessed for c-Src kinase activity and 
HGF-induced functions. For in vitro c-Src kinase assays, im- 
munoprecipitation with anti-c-Src IgG was carried out at anti- 
body excess, indicating that the majority of wild type c-Src 
protein was present in immunoprecipitates. The results 
showed that c-Src kinase activity was strongly reduced in 
SRC-RF transfected SP1 cells compared with SRC transfected 
or un transfected cells incubated alone, or following stimulation 
with 40 ng/ml HGF or 1% FBS (Fig. 4). However, tyrosine 
phosphorylation of Met or an unrelated signaling molecule 
PLC-7I and in vitro autophosphorylation of Met remained un- 
affected in SRC-RF- or SRC-transfected SP1 cells, compared 
with untransfected cells (Fig. 5). These results demonstrate 
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Fig. 7. Effect of transfected dominant negative mutant 
SRC-RF on HGF-induced proliferation of SP1 cells on plastic. 
Pooled SP1 cells transfected with SRC-RF or SRC or untreated SP1 
cells were prestarved overnight, and each cell line was plated at 10 4 
cells/well in 24-well plates in 0.25% FBS without or with HGF at the 
concentrations indicated. Controls consisted of cultures with 1% FBS. 
DNA synthesis was measured as described under "Experimental Pro- 
cedures." Results are expressed as relative mean [ 3 H] thymidine incor- 
poration compared with control (no HGF) (mean cpm/well ± S.D. of 
triplicates). This result is representative of four experiments. 

specificity of the inhibitory effect of SRC-RF on c-Src kinase 
activity. 

Expression of the dominant negative SRC-RF mutant in SP1 
cells significantly inhibited FBS- and HGF-induced colony for- 
mation in soft agar, compared with SRC-transfected or un- 
transfected SP1 cells (Fig. 6). Similarly, a subclone of SP1 cells 
expressing SRC-RF showed a marked reduction in colony for- 
mation, compared with a wild type SRC-transfected subclone 
or untransfected SP1 cells (data not shown). In contrast, SRC- 
RF-transfected SP1 cells showed no difference in HGF-induced 
or serum-induced proliferation on plastic, compared with SRC- 
transfected or untransfected SP1 cells (Fig. 7). Thus reduction 
of c-Src kinase activity in SRC-RF-transfected cells abrogated 
HGF- or serum-induced colony growth in soft agar but had no 
effect on cell proliferation on plastic. 

c-Src Kinase Activity Is Required for HGF-induced Cell Mo- 
tility — Because c-Src kinase activity has been shown to modu- 
late cell motility in several cell types (36-38), we examined the 
role of c-Src kinase in HGF-induced cell motility in SP1 cells. 
Our results showed that HGF strongly stimulated motility of 
SP1 cells through collagen-coated porous membranes in a para- 
crine manner. HGF-induced motility was significantly reduced 
in SP1 cells transfected with dominant negative mutant SRC- 
RF, compared with SRC-transfected or untransfected cells 
(Figs. 8 and 9). Similar results were obtained using a wounding 
assay (data not shown). These results are consistent with a role 
of c-Src kinase in HGF-induced cell motility. 

DISCUSSION 

We (6) and others (7, 8) have previously shown that HGF and 
Met mRNA are strongly co-expressed in invasive carcinomas in 
human breast cancer. These findings suggest that signals 
transduced by activated Met confer survival and growth advan- 
tage to carcinoma cells during progression to metastasis. This 
concept is further supported by the observation that cells trans- 
fected with an activated version of met (tpr-met) acquire inva- 
sive and metastatic properties (15, 16). Unlike most other 




Fig. 8. Effect of transfected dominant negative SRC-RF on 
HGF-induced cell motility. SP1 cells transfected with SRC-RF or 
SRC or untreated SP1 cells were serum-starved overnight, and each cell 
line (2 x 10 4 cells) was plated into Transwell inserts (8-fim pore size) in 
24-well plates in 0.5 mg/ml bovine serum albumin in RPMI without 
(open bars) or with (closed bars) HGF (20 ng/ml) as described under 
"Experimental Procedures." After 6-8 h of incubation at 37 °C, cells 
were fixed in 1% paraformaldehyde and stained with hematoxylin. 
Cells on the upper side of the membrane were removed by wiping with 
cotton. Cells on the underside were counted using an inverted micro- 
scope with phase contrast illumination. The results are expressed as 
the relative number of migrating cells/well (means ± range of two 
wells/point). This experiment was done twice with similar results. Sim- 
ilar results were obtained using a wound healing assay (data not 
shown). 

receptor tyrosine kinases, Met shows one high affinity binding 
site for the majority of SH2-containing cytoplasmic effectors, 
suggesting that these proteins bind Met in a competitive man- 
ner (23-25). Therefore, to study the role of specific SH2-con- 
taining cytoplasmic effectors in HGF receptor function, ap- 
proaches to target individual cytoplasmic effectors are required. 

To analyze downstream effector molecules in HGF-induced 
tumorigenic properties of mammary carcinoma cells, we have 
studied a mouse mammary carcinoma, SP1, which co-expresses 
HGF and Met (44). However, depending on culture conditions, 
both paracrine and autocrine effects of HGF have been ob- 
served in SP1 cells (44, 45, 49). In monolayer cultures, auto- 
crine phosphorylation of Met at tyrosine in SP1 cells without 
addition of exogenous HGF was observed (44). In contrast, 
tyrosine phosphorylation of Met was reduced in suspended SP1 
cells and can be restored by addition of exogenous HGF. 2 These 
observations suggest that the base level of Met activation may 
be influenced by extracellular environmental conditions, such 
as cell adhesion to various substrata (53), cell density effects on 
HGF expression and secretion (54), or proteolytic processing of 
pro-HGF to the biologically active form (55). In the present 
report, paracrine stimulation with exogenous HGF was re- 
quired for optimal cell proliferation, motility, and colony 
growth in agar under serum-starved conditions. Previous stud- 
ies showed that PI 3-kinase activity is elevated in SP1 cells and 
that its activity is required for HGF-induced proliferation in 
monolayer culture. Treatment of SP1 cells with wortmannin, a 
potent inhibitor of PI 3-kinase (56), or transfection of a domi- 
nant negative mutant of the p85 subunit of PI 3-kinase into 
these cells (26) inhibited HGF-induced cell proliferation in 
monolayer culture. 

In the present report, we show that c-Src kinase activity is 
elevated in SP1 mammary carcinoma cells compared with non- 
malignant MvlLu epithelial cells and is associated with Met. 
The elevated level of c-Src kinase activity in SP1 cells and its 
association with Met strongly suggest that this signaling mol- 
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Fig. 9. Photomicrographs of mi- 
grating SP1 cells transfected with 
SRC or SRC-RF or untransfected SP1 
cells following HGF stimulation. SP1 

cells untransfected (A and B) and trans- 
fected with SRC (C and D) or SRC-RF (E 
and F) were serum-starved overnight and 
assessed for cell motility without (-) or 
with (+) HGF (20 ng/ml) as described in 
the legend to Fig. 8. After removing non- 
migrating cells on the upper side of the 
membrane, membranes were mounted 
onto glass slides, and migrating cells were 
photographed using a Leitz microscope 
with phase contrast illumination. Photo- 
graphs correspond to the groups shown in 
Fig. 8. Original magnification, 250X. 
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ecule may be involved in intracellular events triggered by HGF. 
This observation prompted us to test whether expression of a 
dominant negative mutant form of c-Src influences growth of 
SP1 cells. Expression of a dominant negative form of c-Src 
(SRC-RF) in SP1 cells showed no significant effect on HGF- 
induced cell proliferation on plastic but markedly inhibited 
HGF- or serum-induced colony growth in soft agar. Thus acti- 
vation of c-Src kinase is essential for colony formation in agar 
by SP1 cells but appears not to be required for cell proliferation 
on plastic. 

Other laboratories have reported variable effects of c-Src 
kinase on cell growth. In support of our observations, Demali 
and Kazlauskas (57) have shown that a mutant form of PDGF 
/3-receptor that cannot bind or activate, c-Src, retains the abil- 
ity to stimulate growth of fibroblasts on plastic or in agar in 
response to PDGF. In contrast, Courtneidge and co-workers 
(33, 58) have shown that microinjection of a kinase dead mu- 
tant c-Src or neutralizing antibodies that inhibit basal and 
stimulated c-Src kinase activity inhibited PDGF-dependent 
DNA synthesis in fibroblasts. Similarly, constitutive expres- 
sion of c-Src mutants inhibited PDGF and epidermal growth 
factor-induced mitogenesis of mouse embryonal fibroblasts 
lacking c-Src (34). The apparent differences in the role of c-Src 
kinase in the above systems could be due to different levels of 
residual basal activity of c-Src kinase or the developmental and 
malignant status of the cells used. Our observation that an- 
chorage-independent growth but not proliferation on plastic is 
inhibited in cells expressing dominant negative SRC-RF sug- 
gests that the reduced level of c-Src kinase activity in SRC-RF 
expressing SP1 cells is insufficient to support anchorage-inde- 
pendent growth, whereas proliferation on plastic remains un- 



affected. c-Src-independent signaling mechanisms may also 
promote HGF-induced proliferation of SP1 cells on plastic. 

We have also shown that SP1 cells transfected with the 
dominant negative SRC-RF mutant showed reduced cell motil- 
ity in response to HGF compared with SRC -transfected or 
untransfected SP1 cells. Thus c-Src kinase activity is required 
for HGF-induced cell motility in SP1 carcinoma cells, although 
complementary signaling molecules may also be involved. This 
observation reflects recent reports that c-Src kinase activity is 
required for epithelial cell scattering (38-40, 50) and organi- 
zation of the cortical cytoskeleton (50). In addition, Richardson 
et al. (59) have shown that co-expression of c-Src in cells ex- 
pressing the dominant negative C -terminal domain of focal 
adhesion kinase can reconstitute cell spreading and motility 
and induces tyrosine phosphorylation of paxillin. Together, 
these observations raise the possibility that HGF-induced c-Src 
kinase activity may regulate cell motility through the cytoskel- 
etal complex. This possibility is currently being investigated. 

There is now growing evidence that the c-Src family protein- 
tyrosine kinases are involved in signal transduction pathways 
that result in cell growth, adhesion, and differentiation. c-Src 
kinase activity is required for cell proliferation induced by 
platelet-derived growth factor, colony stimulating factor- 1, and 
epidermal growth factor (51, 60), and increased c-Src kinase 
activity is associated with many cancers. These observations 
support the notion that increased c-Src kinase activity in mam- 
mary carcinomas may play an important role in mammary 
tumor growth and development. Our findings involving trans- 
fection of a dominant negative c-Src kinase-defective mutant 
into SP1 cells represent the first direct demonstration of a 
requirement for c-Src kinase activity in HGF-induced cell mo- 
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tility and anchorage-independent growth of carcinoma cells, 
although interactions with other signaling molecules may also 
be involved. These data strongly suggest that HGF-induced 
association of c-Src kinase with Met and its activation are 
important in growth and transformation of mammary carcino- 
mas and further argue that paracrine and autocrine HGF loops 
play a significant role in the transformed phenotype of some 
mammary carcinomas. 

Acknowledgment— Dr. J. Brugge kindly provided SRC and SRC-RF 
plasmids. 
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Src family tyrosine kinases participate in the regula- 
tion of cell adhesion, cell growth and differentiation. 
Here, we examine for the first time the potential role 
of Src for growth regulation of human pancreatic car- 
cinoma cells. By immunohistochemical analysis, Src 
was overexpressed in 13/13 pancreatic carcinoma tis- 
sue but not in 6 normal pancreatic tissue specimen. 
In Western blots of total cellular extracts, Src protein 
expression was elevated in 14/17 carcinoma cell lines 
as compared to normal pancreas or cultured human 
pancreatic duct cells. Kinase activity was only detect- 
able in cancer cells and did not correlate with the 
amount of kinase protein or with the expression of 
the regulatory kinase Csk, indicating that Src is not 
regulated through protein expression or through ex- 
pression of Csk. The Src-specific tyrosine kinase inhib- 
itor herbimycin A decreased cell growth in a dose-de- 
pendent manner. We suggest that Src family kinases 
participate in growth regulation of pancreatic cancer 

Cells. © 1998 Academic Press 



Knowledge of pancreatic cancer growth control is still 
limited although many molecular changes have been 
reported which partly explain the aggressive nature of 
this tumor. These changes include loss of function of 
the tumor suppressor genes p53, DCC and DPC4, and 
activating mutations of the proto-oncogene K-ras in at 
least 70% of pancreatic tumors (1-5). In addition, most 
of pancreatic cancers examined overexpress a number 
of tyrosine kinase growth factor receptors (6-8). In anal- 
ogy to colon cancer or to breast cancer, it has been 
speculated that some of these changes contribute to 
rapid tumor growth, invasion or metastasis (9). 

Reversible phosphorylation of signal transducing 
proteins on tyrosine residues is a well recognized mech- 
anism of cellular growth control. Tyrosine phosphoryla- 
tion events are catalyzed by two major groups of pro- 
tein tyrosine kinases. One group are transmembrane 



kinases which act as receptors for various growth fac- 
tors and directly modulate substrate proteins by phos- 
phorylation through their catalytic intracellular do- 
main (10). A second group of tyrosine kinases is located 
within the cytosol and acts as intermediate intracellu- 
lar signal transducing proteins. Representatives of this 
latter category are the Src family tyrosine kinases, 
which are enzymes with high structural similarity cou- 
pling to and transducing signals from growth factor 
receptors, G protein-coupled receptors and adhesion 
molecules. At least nine members of this kinase family 
are known to date and most of them are expressed 
predominantly in hemopoetic cells. Only the four mem- 
bers Src, Yes, Fyn, and Lyn could be demonstrated in 
other tissues so far (1 1). In fibroblasts, kinase-activated 
Src-mutants are able to act as transforming oncogene, 
indicating the potential of Src for growth regulation 
(12). In addition, infection of rat colon with retroviral 
v-src induces dysplasia, and cotransfection with v-myc 
induces carcinoma (13). Based in part on this evidence, 
it has been speculated, that upregulation of the Src 
kinase is important for growth and transformation of 
intestinal epithelial cells (14). The potential role of Src 
in pancreatic cancer has not been examined. 

Therefore, the purpose of this study was to determine 
whether the tyrosine kinase Src might play a role in 
pancreatic tumor growth regulation. We now report, 
that Src is overexpressed in human pancreatic carci- 
noma tissue as compared to normal pancreas. In addi- 
tion, Src is activated in many cultured pancreatic carci- 
noma cells and cell growth is inhibited by herbimycin 
A, a Src kinase inhibitor, demonstrating the potential 
role of Src in regulation of pancreatic cancer cell prolif- 
eration. 

MATERIAL AND METHODS 

Tissue and cell lines. Human pancreatic cancer tissue samples 
were obtained from thirteen patients undergoing surgical resection 
for pancreatic adenocarcinoma after written informed consent. Nor* 
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mal pancreatic tissue samples were taken from 2 previously healthy 
multi organ donors in which no recipient for pancreatic transplanta- 
tion was present at the time of explantation or from normal tissue 
adjacent to the tumor (n=4). The studies were approved by the hu- 
man ethics comittees of the Universities of Ulm, Germany, and Bern, 
Switzerland. Short term cultivated human pancreatic cells, IMIM- 
PC-2, MS40-II. Sk-PC-2, and Hs766t cells were a gift of F.X.Real 
(Barcelona, Spain) (15). PC-2, PC-3 cells were a gift of H. P. Elsasser 
(Marburg, Germany). The human pancreatic carcinoma cell lines 
PaTu 8988s, PaTu 8988t and PaTu 8902 as well as the colon carci- 
noma cell line Colo 320 were from the 'Deutsche Sammlung fur Mik- 
roorganismen* (Braunschweig, Germany). The cell lines HPAF and 
AsPC 1 were from the American Type Culture Collection (Rockville, 
MD). DanG, Capan-1, Capan-2, and the colon carcinoma cell line 
CaCo 2 were from the 'Deutsches Krebsforschungszentrum' (Heidel- 
berg, Germany), and MIA Paca 2 and PANC-1 cells were from the 
European Collection of Animal Cell Cultures (Salisbury, U.K.). Cells 
were maintained under standard culture conditions in Dulbecco's 
modified eagle medium with high glucose and with 10% fetal calf 
serum. 

Immunohistochemistry. Paraffin-embedded tissue sections (3-4 
//m) of human pancreatic tumor tissue and normal pancreas were 
deparaffinized and endogenous peroxidase activity was quenched us- 
ing 0.2% hydrogen peroxide in methanol. After rehydration, unspe- 
cific binding was blocked with 1% bovine serum albumine. Polyclonal 
sheep Src antiserum (1:100, Affiniti, Exeter, UK) in phosphate-buf- 
fered saline containing 0.5% bovine serum albumine was added for 
60 min. Rabbit anti sheep peroxidase-coupled secondary antibody 
and the diaminobenzidine reaction (1 mg/ml diaminobenzidine in 
0.02% hydrogen peroxide) were used to detect antibody binding. 
Three washing steps in phosphate buffered saline containing 0.05% 
Tween 20 were performed between primary and secondary antibody 
incubations. Counters taining was performed by incubation with he- 
matoxylin for 5 min. 

Protein extraction, imwunoprecipitation, and in vitro kinase assay. 
Cell cultures in the logarithmic phase of cell growth were rinsed 
twice with ice-cold phosphate-buffered saline, and were harvested 
mechanically by scraping into phosphate-buffered saline. The immu- 
noprecipitation and kinase assay were performed following the proce- 
dure described by Bolen et al. (16). Briefly, pelleted cells were lysed 
in 50 mM Tris-HCL, pH 8.0, 150 mM sodium chloride, 2 mM EDTA, 
1% NP40, 1 mM sodium orthovanadate, 10 /xg/ml aprotinin, 10 //g/ 
ml leupeptin, 0.5 /*g/ml pepstatin A, 5 mM sodium fluoride, 1 mM 
phenylmethylsulfonyl fluoride and 10 j/g/ml soybean trypsin inhibi- 
tor. Lysates were cleared by centrifugation at 13.000 x g for 3 min. 
Protein determinations were performed using the Bradford method 
(BioRad, Munchen, Germany) with bovine serum albumin as stan- 
dard. Lysate containing 200 //g of protein was incubated with excess 
of monoclonal anti-Src antibody (Clone 327, Dianova, Hamburg, Ger- 
many) for 1 hour at 4°C and with rabbit anti-mouse preincubated 
protein G-plus agarose. The immunoprecipitates were washed three 
times with ice-cold lysis buffer, and once with ice-cold kinase reaction 
buffer (20 mM MOPS, pH 7.0, 15 mM magnesium chloride). The 
phosphorylation was initiated by adding 5 [y- 32 P]ATP (10 j/Ci 
per reaction) in 25 /xl reaction buffer with 1 /zg acid-denatured rabbit 
muscle enolase (Boehringer, Mannheim, Germany) for 15 min. The 
reaction was stopped by adding sodium dodecylsulfate-containing 
sample buffer and proteins were resolved by gel electrophoresis in 
8.75 % sodium dodecylsulfate polyacrylamide gels. The gels were 
stained with Coomassie brilliant blue to ensure that equal amounts 
of enolase were present, and labeled proteins were detected autora- 
diographically on KODAK X-OMAT AR Films. Under these condi- 
tions, the amount of kinase activity measured was linearly related 
to the amount of protein extract used for immunoprecipitation. 

Western blotting. Lysates were separated in 8.75 % sodium dode- 
cylsulfate polyacrylamide gels. Separated proteins were transferred 
to PVDF Membranes (Immobilon P, Sigma, Deisenhofen, Germany) 



by semi dry blotting. Membranes were blocked over night at room 
temperature in blocking buffer (10 mM Tris-HCl. pH 7.2, 150 mM 
sodium chloride, containing 2% bovine serum albumin and 0.1% 
Tween 20). After three washes for 10 min with 10 mM Tris-HCl, 
pH 7.2, 150 mM sodium chloride, 0.2% Tween 20, membranes were 
incubated with clone 327 (1:1000) or with anti-Csk monoclonal anti- 
body (1 :500, Transduction Laboratories, Lexington, KY) in blocking 
buffer. After three washing steps, horse radish peroxidase-coupled 
secondary antibody was added for one hour in blocking buffer. Anti- 
bodies were visualized after three additional washing steps using 
the ECL technique (Amersham, Buckinghamshire, England). 

Growth inhibition assays. Cells were plated in 96-well plates at 
a density of 10,000 cells per well. After culture in standard medium 
for 24 hours, herbimycin A was added as indicated. Control cells 
were incubated with the appropriate concentrations of the carrier 
DMSO. After 72 hours, cell number was estimated using the tetrazo- 
lium salt (MTT) assay (17). Briefly, cells were incubated for 150 min 
in phosphate buffered saline containing 5 mg/ml MTT. After three 
washes in phosphate-buffered saline, the precipitated formazan was 
solubilized over night in 50% dimethylformamide containing 1% ace- 
tic acid, 1% hydrochloric acid, and 10% sodium dodecylsulfate. The 
absorption was measured at 570 nm and results were calculated 
relative to control cells which had been grown without inhibitor or 
carrier substance. For comparison, cell numbers were counted in 
several experiments and did yield similar results. 

RESULTS 

Immunostaining of Src in Pancreatic Tumor Tissue 

Src protein expression was examined in 13 ductal 
adenocarcinomas, in 2 normal pancreatic tissue speci- 
mens and in normal tissue adjacent to the tumor mass 
of patients 8, 9, 12 and 13. As demonstrated in Fig. 1A, 
faint cytoplasmic staining for Src was observed in a 
normal tissue specimen and in normal tissue of patient 
# 9, 12 and 13 in less than 2 % of the acinar cells and 
Src positive cells were located mainly around ductular 
structures. Src was not detectable in another normal 
tissue specimen and in normal tissue of patient # 8. As 
illustrated in Fig. 1, all of the examined tumors did 
show strong cytoplasmic staining of more than 10 % of 
the tumor cells (Table 1) with only occasional staining 
of non-tumor cells. Src expression did not correlate with 
tumor stage or with differentiation. 

Protein Expression and Kinase Activity of Src 
Pancreatic Tumor Cell Lines 

To examine the regulation of Src, protein expression 
and kinase activity was examined in a panel of 17 hu- 
man pancreatic cancer cell lines with ductular cell mor- 
phology. Primary cultures of pancreatic cells from hu- 
man organ grafts which develop a ductal phenotype 
after various time periods and two colon carcinoma cell 
lines known to express the activated Src kinase were 
used as controls (15; 18). 

Src protein expression was detected in 14 of the 17 
tumor cell lines tested, and kinase activity was ele- 
vated in 12 of them (Fig. 2). Kinase protein was unde- 
tectable in the normal pancreatic tissue extracts, and 
a minor amount was expressed only in one of the three 
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FIG. 1. Expression of Src in pancreatic tissue. Immunohistochemical staining of paraffin embedded normal pancreas demonstrating 
faint cytoplasmatic staining of less than 1% of the exocrine cells is shown in panel A. Pancreatic carcinoma specimen of patients 11 (B) 
and 1 (C) demonstrate + + + (patient 1 1) or + + + + (patient 1) expression of Src. Panel D demonstrated background staining using secondary 
antibody alone. Magnification was X 200 (A, C, D) or X 400 (B). 



short term cultures of epithelial pancreatic cells. Sig- 
nificant kinase activity could be detected in none of 
them. Kinase activity and protein expression were reg- 
ulated in a parallel fashion in both colon cancer cell 
lines as well as in PaTu 8988s and t, PC-2, MIA Paca- 
2, PANC-1, HPAF and in Hs766t cells, whereas in the 
remaining 10 cell lines kinase activity was independent 
from protein levels. Src protein expression and kinase 
activities were quantified densitometrically to calcu- 
late correlation coefficients. Src activity levels did not 
correlate with protein expression (correlation coeffi- 
cient = 0.2). The C-terminal Src kinase Csk is a major 
regulatory protein for Src activity. Therefore, expres- 
sion of Csk was determined in Western blots (Fig. 2C) 
and quantified densitometrically. We did not find sig- 
nificant correlation of Csk expression and relative Src 
activity (correlation coefficient = -0.2). 

Inhibition of Cell Growth by Herbimycin A 

Herbimycin A inhibits Src kinase activity in vitro as 
well as in vivo. The effect of herbimycin A on cell prolifer- 



ation is demonstrated in Fig. 3. Exposure of cells to herbi- 
mycin A decreased cell numbers with similar efficacy in 
all four cell lines tested. The effect of growth inhibition 
was significant after 2 days of incubation and reached 
56% ± 3.5% for PaTu 8988s cells, 60% ± 5.6% for PaTu 
8988t cells, 79% ± 1.4% for PC 2 cells, and 76% ± 0.7 % 
for PC 3 cells after three days of exposure to the drug. 
The potency of growth inhibition was dependent on the 
level of activity of the Src kinase. In PaTu 8988s, PC 2, 
and PC 3 cells, which do express relevant kinase activity, 
growth was inhibited with IC 5 o's of 60 ng/ml, 20 ng/ml, 
and 50 ng/ml, respectively. In contrast, growth of the cell 
line PaTu 8988t which has barely detectable levels of Src 
kinase was inhibited at halfmaximal concentrations of 
above 350 ng/ml and maximal inhibition was not reached 
at 2,000 ng/ml. After incubation with concentrations of 
up to 2000 ng/ml of the inhibitor for four days, more than 
95% of the cells were viable and did exclude trypan blue. 
The effects of herbimycin A were reversible, i.e. cells could 
be trypsinized and subcultured after removal of the inhib- 
itor and addition of standard culture medium for 24 
hours. 
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TABLE 1 

Src Kinase Expression Levels in Pancreatic Tumor Tissue 





Age 




Tumor 


Src expression 


Patient # 


(years) 


TNM stage 


grading 


(positive tumor cells) 


1 


55 


T2 Nl Ml 


2 


+ + + 


2 


71 


T2 NO MO 


2 


+++ 


3 


53 


T2 Nl MO 


2 


+ +++ 


4 


64 


T3 Nl MO 


3 


+ +++ 


5 


70 


T2 NO MO 


2 


+ +++ 


6 


53 


T2 Nl Ml 


2 


+ +++ 


7 




NO MO 


2 




8 


61 


Tl NO MO 


1 


+ 


9 


55 


T2 Nl MO 


2 




10 


58 


T3 Nl MO 


2 


+ + + 


11 


62 


T2 Nl MO 


3 


+ +++ 


12 


53 


T2 Nl MO 


2 


+ 


13 


74 


T3 Nl MO 


2 


++ 

less than 2% positive 


normal tissue (n = 6) 








acinar cells 



Paraffin-embedded exocrine pancreatic carcinoma tissue sections were stained immunohistochemically for Src. The percentage of Src- 
positive tumor cells is indicated as + (10-20% positive cells), + + (21-40%), + + + (41-60%), and + + + + (61-80%). Tumors were graded 
according to standard pathological criteria with well differentiated tumor graded 1, and undifferentiated tumors graded 3. TNM stage was 
established from surgical specimen using UICC criteria. Controls were normal pancreatic tissue specimen (n = 2) or normal pancreatic 
tissue adjacent to tumor tissue of patients 8, 9, 12 and 13. 



DISCUSSION 

Members of the Src-kinase family participate in the 
control of a variety of cellular functions, including the 
response to various polypeptide growth factors or the 
regulation of the cellular cytoskeleton. Activated Src 
stimulates cell growth and may act as transforming 
oncogene (11). Our results indicate, that the tyrosine 
kinase Src is overexpressed in malignant pancreatic 
tissue as compared to adjacent normal tissue. In addi- 
tion, expression of Src is increased in neoplastic cell 
lines as compared to primary cultures of normal human 
pancreatic cells with ductular differentiation and the 
kinase is activated in neoplastic cells only. Therefore, 
pancreatic tumor cells seem to possess a specific mech- 
anism of kinase regulation. 

Src kinase activity may be regulated either by chang- 
ing protein expression or by specific regulation of ki- 
nase activity (11). A parallel increase or decrease in 
Src expression and activity was observed only in 6/ 
17 cell lines. Overall, levels of kinase activity did not 
correlate with the abundance of the kinase protein and 
activation of Src in pancreatic carcinoma cells therefore 
was not regulated by protein expression. Regulation of 
Src has been extensively studied and a mechanism of 
inactivation by phosphorylation and by phosphoryla- 
tion-dependent folding of the protein was suggested 
(19). According to this model, phosphorylation of Src 
on Tyr-527 by Csk or Csk-like kinases results in intra- 
molecular binding of this residue to the SH2 domain. 
Folding is further stabilized by interaction of the SH3 
domain with an unidentified region of the protein and 



the folded kinase is thought to be unable to couple to 
downstream signaling proteins. Repression of Src fam- 
ily kinase activity is critically dependent on phosphory- 
lation by Csk. Deletion of Csk results in markedly in- 
creased Src kinase activity (20), whereas overex- 
pression inhibits Src kinase activity (21). In the present 
study, Csk expression and relative Src activity did not 
correlate. A role of Csk for the regulation of Src in 
pancreatic carcinoma therefore seems unlikely and the 
mechanisms of Src activation remain to be determined. 
Other regulating factors which could account for the 
upregulation of Src acitivity are overexpression of re- 
ceptor tyrosine kinases like HER-2 or the epidermal 
growth factor receptor which are able to activate Src 
in mammary tumor cells or in fibroblasts (22; 23), or 
the activation of Ras which induces accumulation and 
increased activity of Src in transformed fibroblasts (24). 

To investigate the role of Src for pancreatic tumor 
cell growth control, we examined the effects of the tyro- 
sine kinase inhibitor herbimycin A, which is known to 
inhibit Src and Src-related kinases in vivo and in vitro 
by binding to their SH2 domains (25). Growth inhibi- 
tion by herbimycin A correlated with the level of Src 
kinase activation. Cell lines with elevated kinase activ- 
ity were inhibited with higher potency than the cell 
line PaTu 8988t, which expresses low levels of Src and 
barely detectable kinase activities. Similar observa- 
tions have been made in colonic tumor cell lines, where 
herbimycin A decreased growth and Src kinase activi- 
ties by over 40% at concentrations of 125 ng/ml, but 
was ineffective in cell lines derived from normal colonic 
tissue (26). Taken together with the observation that 
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FIG. 2. Expression and activity of the tyrosine kinase Src (Panels A and B) and Expression of Csk (Panel C) in human pancreatic 
tissue, in short term cultures of human pancreatic cells with ductular morphology, in colon carcinoma cell lines, and in pancreatic tumor 
cell lines. Shown are representative Western blots of Src in total cellular extracts (A), autoradiograms of Src immunoprecipitation kinase 
assays demonstrating autophosphorylation of the kinase protein as well as phosphorylation of the substrate protein enolase (B), or Western 
blots of Csk in total cellular extracts (C). 




0 1 10 1 10 2 10 3 1 0 4 0 1 10 1 10 2 10 3 1 0 4 




0 1 10 1 10 2 10 3 10 4 0 1 10 1 10 2 10 3 1 0 4 



[Herbimycin A], ng/ml 

FIG. 3. Inhibition of Src kinase activity and cell growth by herbimycin A in the pancreatic carcinoma cell lines PC-2 (A), PC-3 (B), 
PaTu 8988s (C), and PaTu 8988t (D). Cell growth was measured using the tetrazolium salt method after three days of incubation with the 
inhibitor. Results are representative of at least three independent experiments. 
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Src is activated in malignant pancreatic cells and the 
ability of the activated kinase to function as trans- 
forming oncogenes, it seems likely that Src family ki- 
nases participate in growth control of pancreatic tumor 
cells. In addition, Src kinase activity is elevated in pre- 
neoplastic and in neoplastic lesions in a rat model of 
azaserin-induced pancreatic acinar cell tumors (27). 
Even though this model is not well suited for compari- 
son since 95 % of human pancreatic carcinoma are of 
ductal phenotype, it supports similar observations in 
human colon tissue. During the progression of adeno- 
matous lesions to colon cancer, Src and Yes kinase ac- 
tivities are elevated in large dysplastic adenoma with 
a high risk for cancer (28-30), and Src kinase activity 
is elevated in preneoplastic lesions in ulcerative colitis 
(31). These data indicate that Src likely participates in 
one of the early steps of intestinal carcinogenesis. 
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For the related Src kinases, a close correlation exists 
between elevated tyrosine kinase activity and cell transfor- 
mation. However, the involvement of pp60 c src in hepatocel- 
lular carcinoma (HCC) remains obscure. The aim of this 
study was to evaluate whether pp60 csrc tyrosine kinase 
activity is elevated in HCC. We analyzed the kinase activity 
of pp60 csrc in normal liver tissue, chronic hepatitis liver 
tissue, and tumorous and adjacent nontumorous portions of 
HCC tissue from patients and Long-Evans cinnamon (LEC) 
rats that are known to develop liver cancer spontaneously. 
The kinase activity of pp60 c ~ 5ir was rarely detected in the 
normal human liver tissue and chronic hepatitis liver tissue, 
but it was elevated in tumorous and nontumorous portions 
of HCC tissue. Furthermore, the kinase activity of pp60 cs/r 
was significantly elevated in tumorous tissues compared 
with nontumorous tissues. The kinase activity of pp60 csrc 
was also higher in poorly differentiated HCC. In addition, 
the kinase activity of pp60 csrc increased proportionately 
with the development of HCC of LEC rats. Our results 
suggest that activation of the protooncogene product pp60 c sir 
may play an important role in the malignant transformation 
of hepatocytes in human and LEC rats, and that it may be 
closely related to the histopathological grading of human 
HCC. (Hepatology 1998;27:1257-1264.) 

Hepatocellular carcinoma (HCC) is thought to develop 
through a multistep process. 1 A long history of viral hepatitis 
or prolonged exposure to environmental toxins predisposes 
liver cells to mutations of genes critical in the control of 
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hepatocyte growth. In fact, both activation of cellular onco- 
genes and inactivation of tumor-suppressor genes are in- 
volved in HCC. Activation of oncogenes by hepatitis virus 
integration has been shown in the woodchuck animal model, 2 3 
although its significance in hepatocarcinogenesis in humans 
and in Long-Evans cinnamon (LEC) rats is still under 
investigation. A large number of cellular protein tyrosine 
kinase (PTK) genes have been cloned and sequenced. These 
kinases are classified into two major groups: the first com- 
prises growth factor receptor tyrosine kinases; the second 
includes retroviral protein PTKs and their cellular homo- 
logues. 4 The main representatives of the latter group are 
non-receptor-linked and -membrane-associated src-related 
tyrosine kinases. 5 At least nine src-related tyrosine kinases 
have been identified. These include c-src, c-yes, c-ick, c-fyn, 
c-hck, c-iyn, c-bik, c-fgr, and c-yrk protooncogene products. 6 
All members of the PTK src family have a molecular weight 
ranging between 55 and 62 kd and myristoylated glycine 
residues at the amino termini. 7,8 Among these PTKs, the 
protooncogene pp60 c src is the cellular homologue of the Rous 
sarcoma transforming gene, v-src. 9 Both c-src and v-src 
encode 60-kd, membrane-associated PTKs. For pp60 c " src , a 
close correlation exists between elevated activity of tyrosine 
kinase and cell transformation. 1017 Bolen et al. 10 * 12 reported 
high kinase activity of pp60 csrc in several types of human 
malignancies including colon carcinoma, breast adenocarcino- 
mas, rhabdomyosarcomas, and neuroblastoma. We know that 
pp60 csn: expression and activity are increased in a limited 
number of cases in human tumors. However, the role of 
pp60 csrr in hepatocarcinogenesis in humans and LEC rats has 
not been investigated. In the present study, we determined 
the activity of pp60 csrc in human HCC by measuring the in 
vitro protein kinase activity of pp60 csrc using liver tissues of 
normal liver (NL) and chronic hepatitis (CH), tumorous (T), 
and adjacent nontumorous (N) cirrhotic liver tissue samples. 
We also investigated the relationship between pp60 csrc kinase 
activity and histological grade of human HCC. Furthermore, 
we investigated the role of kinase activity of pp60 c snc in the 
development of HCC in LEC rats, an animal model of 
HCC. 1825 

MATERIALS AND METHODS 

Materials 

Human Tissues. Tissue samples, including T and the surrounding 
N cirrhotic tissue, were obtained during surgery from 20 patients 
with HCC. Three NL tissues were obtained from surgical cases of 
liver metastases of colon cancer. Liver tissue samples from 5 patients 
with CH were obtained during surgery or by liver biopsy. Tissues 
were frozen immediately at -70°C. The experimental protocol was 
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FIG. 1. Protein kinase activity of pp60 C 5,r in NL, CH, N, and T portions of human HCC. Samples of N and T tissues of each patient are shown. Lysates 
containing 100 g of total cellular protein were prepared as described in Materials and Methods. The protein was precipitated with excess pp60 csn: antibody, 
incubated for 10 minutes at 30°C with [7- 32 P] -adenosine triphosphate and acid-denatured rabbit muscle enolase; the protein was then resolved on 10% 
SDS-polyacrylamide gels. Arrowheads indicate bands corresponding to pp60 C SIC tyrosine phosphorylation; arrows indicate bands corresponding to enolase. 



Hepatolocy Vol. 27, No. 5, 1998 



MASAKIETAL. 1259 



approved by the Human Subjects Committee of Kagawa Medical 
School. 

Animal Tissue. Inbred LEC and Wistar rats were bred under 
specific pathogen-free conditions in the Institute for Animal Experi- 
mentation at the University of Tokushima School of Medicine. 
Wistar rats were used as controls. The experimental protocol was 
approved by the Animal Care Committee at our institution. 

Chemicals. The monoclonal antibody to pp60 c srr (mAb 327) and 
rabbit polyclonal antibody specific for src-related tyrosine kinases 
(clone, sc-19) were purchased from Oncogene Science Co., Ltd. 
(Tokyo, Japan) and Santa Cruz Biotechnology, Inc. (Tokyo, Japan) , 
respectively. These antibodies react with pp60 c src of mouse, rat, and 
human origin by Western blot and immunoprecipitation analysis; 
they are not cross-reactive with other tyrosine kinases. 101726 - 27 
Chemicals were purchased from Sigma Chemical Co. (Tokyo, Japan) 
or Wako Pure Chemical Co. (Tokyo) . 

Tissue Lysates. The tissue samples were frozen on dry ice within 20 
minutes of collection. The samples were homogenized in TNE buffer 
(10 mmol/L Tris HCl [pH 7.5], 1 mmol/L ethylene glycol-bis[p- 
aminoethyl ether] N.JVJV ,N ,tetraacetic acid, 150 mmol/L NaCl, 1 
mmol/L Na 3 V0 4 , 50 mmol/L Na 2 Mo0 4 , 1% Nonidet P-40, and 100 
U/mL aprotinin) and centrifuged at 29,000g for 60 minutes at 4°C. 
The protein concentration was measured in tissue lysates by the 
bicin choninic acid protein assay. 

Gel Electrophoresis and Western Blot Analysis. Sodium dodecyl sul- 
fate (SDS)-polyacrylamide gel electrophoresis (PAGE) was per- 
formed according to the method of Laemmli. 28 Western blot analysis 
was performed according to the method of Towbin et al., 29 using 
horseradish peroxidase-1 inked secondary antibody. Immunoreactive 
proteins were visualized with an enhanced chemiluminescence 
detection system (Amersham) on radiographic film. The exposure 
times in the enhanced chemiluminescence method were 30 seconds 
at room temperature in all samples. 

Immune Complex Protein and Tyrosine Kinase Assay of pp60°' m . Ali- 
quots of lysate containing 100 ug of cellular protein were incubated 
with mAb 327, 26 or with sc-19, with pp60 c srt , and then with 5 ug of 
affinity-purified rabbit antibody to mouse immunoglobulin G as 
described. 30 33 After adsorbing to pansorbin, the immunoprecipi- 
tates were washed five times with TNE buffer and twice with a 
kinase assay buffer (in mmol/L, 50 Tris HCl [pH 7.4], 3 MnCl 2 , and 
0.1 Na 3 V0 4 ). In kinase assay, immunoprecipitate gained from 100 
pg of total proteins, 1.0 pg of acid-treated enolase, and 4 nmol/0.74 
MBq of [-y- 32 P] adenosine triphosphate were included in 25 L of 
kinase assay buffer. Phosphorylation was allowed to proceed at 30°C 
for 10 minutes, and phosphoproteins were resolved by SDS-PAGE 
(10% polyacrylamide gel) followed by autoradiography or image 
analysis by a BAS 2000 system (Fuji film). The kinase activity of 
pp60 c src in each sample was obtained by averaging three. measure- 
ments for each sample. 

Histological Grade of HCC. Tumors were classified into three 
grades — well, moderately, and poorly differentiated — according to 
the grading system of The Liver Cancer Study Group of Japan. 34 
These grades correspond with Edmondson I, Edmondson II or 
Edmondson III with a trabecular pattern, and Edmondson III 
without a trabecular pattern, respectively, of the criteria established 
by Edmondson and Steiner. 35 The selected grade was based on the 
predominant histopathological features. 

Statistical Analysis. Data were expressed as means ± SEM. The 
significance of the differences between observations in Figs. 2 and 5 
was determined with the Students t test and Scheffes Multiple 
Comparison Test, respectively. Statistical significance was set at 
P<.05. 

RESULTS 

Protein Kinase Activity of ppGO 051 * in the N and T Portions of 
Human HCC and CH Liver Tissues. To study protein kinase 
activity of pp60 csrc in the N and T portions of HCC, we 
prepared lysates of tissue samples, precipitated protein with a 



monoclonal antibody specific for pp60 c s,r , and measured the 
phosphorylation of pp60 c src and exogenous substrate, eno- 
lase, using an in vitro protein kinase assay. Activity of pp60 cs ' r 
in representative HCC (patients 1-14), CH (patient 15), and 
NL (patient 16) tissue is shown in Fig. 1. In Fig. 1, 
considering the electrophoretic mobility and the previous 
studies, 1017,36 the upper and lower bands can be thought to 
represent pp60 c sn: (mol wt 60 kd) and enolase (mol wt 42 
kd), respectively. The mean of pp60 csn: activity in the T 
tissues of these patients was 5.3 ± 4.2 or 1.7 ± 0.37 times 
higher than the activity level in the N tissue, as measured by 
autophosphorylation (P < .001) or enolase phosphorylation 
(P < .01), respectively (Fig. 2). Patients 1 to 4 and 5 to 11 
were classified as poorly and moderately differentiated HCC, 
respectively, whereas the remaining patients (12 to 14) were 
classified as well-differentiated HCC. In addition, the pp60 c ~ src 
activity in NL tissue (Fig. 1, patient 16) and CH (Fig. 1, 
patient 15) was very low as measured by autophosphoryla- 
tion or enolase phosphorylation (Fig. 1). Thus, pp60 c src 
activity was high in human liver tissue with malignancy. In 
cases 1,8, and 10 of Fig. 1, the faint phosphorylated bands 
other than the bands of 60- kd pp60 c s/t and 42 -kd enolase 
probably represent 32 P uptake of the degradation products. 

Amount ofpp6& srt in N and T Portions of Human HCC, CH, and 
NL Tissues. Protein levels of pp60 csrc were determined by 
immunoblot analysis. Antibody to pp60 c " src immunoprecipi- 
tates, performed on lysates used for protein kinase assays, 
were resolved by SDS-PAGE before transfer to nitrocellulose 
membrane. Results from patients 1 to 16 are shown in Fig. 3. 
Three proteins were detected in each lane. The upper protein 
was pp60 c s/r , the middle was mAb 327 heavy-chain immuno- 
globulin, and the lower protein was mAb 327 light-chain 
immunoglobulin. 1417 We have also performed an additional 
experiment using the samples obtained from case 2 to 
confirm that the upper band obtained by Western blot 
analysis represented pp60 C 5rc and that the two lower bands 
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FlC. 2. The relative levels of total activity of pp60 c - 5fr tyrosine kinase. The 
total activity of pp60 c sir in the T tissues was significantly higher than that in 
the N tissue (n = 20) when measured by enolase phosphorylation (■) and 
autophosphorylation (E2U) . Values represent the mean ± SEM of pp60 c src 
activity for each group. *P < .01; and **P < .001. 



1260 MASAKIETAL. 



HEPATOLOCY May 1998 



kDa Case 1 2 
p P 60 csrc I 

49.5 H 




** 



** 




** 



N T 



N T 



N T 



N T 



N T 




** 




** 



13 14 

** 



N T 



N T 





** 



15 16 

51** PI** 



CH 




FlG. 3. Protein levels of pp60 c src in NL, CH, N, and T portions of human HCC. For Western blot analysis, precipitates of antibody to pp60 c sn: prepared 
from the same lysates as those used for the kinase assays shown in Fig. 1 were resolved by SDS-PAGE and transferred to nitrocellulose. The membranes were 
incubated with excess mAb 327 and washed; then immunoreactive proteins were visualized using an enhanced chemiluminescence detection system on 
radiographic film. Lysates containing 100 g of total cellular protein were prepared as described in Materials and Methods. 



represented heavy and light chains, respectively. Figure 4 A 
shows the results of Western blot analysis using mAb 327 as 
in the main experiments. One hundred micrograms of the 
tissue lysate of T and N regions of HCC tissue (case 2) were 
subjected to SDS-PAGE and analyzed as described in Materi- 
als and Methods. A 60-kd single band was obtained, indicat- 
ing the specificity of this antibody. Figure 4B also shows the 
results of Western blot analysis using mAb 327. One hundred 
micrograms of the immunoprecipitate product of T and N 
regions of HCC tissue (case 2) were subjected to SDS-PAGE 



and analyzed described in Materials and Methods. In Fig. 4B, 
the control samples are the immunoprecipitate product of 
TNE buffer without tissues using monoclonal antibody. As 
shown in Fig. 4B, we could also detect 25- and 50-kd bands in 
control samples, probably representing light and heavy chains 
of the antibody, respectively In addition, previous studies 14 " 17 
have also indicated that these two bands represented immuno- 
globulins. Considering these previous reports 14 " 17 and an 
additional result in the present study these two bands cor- 
responded to immunoglobulins. 
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that in N tissues was probably caused by an increase in the 
amount of pp60 c_5ir protein as well as the specific activity of 
the enzyme. In addition, the low activity of total pp60 csrc 
kinase in CH and NL seemed to be caused by a diminished 
amount of pp60 c sn: . 

Relationship between pp6fr src Kinase Activity and Histopathologi- 
cal Grade of Human Hepatocellular Carcinoma. As shown in Fig. 
5, the total protein kinase activity of pp60 c srr in the moder- 
ately differentiated tumor tissues (n = 10) was not signifi- 
cantly different from that in well-differentiated tissues (n = 
5). The pp60 c " Sfr activity level in the poorly differentiated 
HCC tissue (n = 5) was 4.7 ± 2.7 and 1.6 ± 0.24 times 
higher than that in the well-differentiated tissues, as mea- 
sured by autophosphorylation (P < .001) and enolase phos- 
phorylation (P < .05) , respectively. In addition, in the poorly 
differentiated HCC tissues, the level of pp60 c s,r activity was 
also 1.8 ± 0.41 and 1.2 ± 0.12 times higher than that in 
moderately differentiated HCC tissue, as measured by auto- 
phosphorylation (P < .001) and enolase phosphorylation 
(P < .01), respectively 

pp6& srx: Protein Kinase Activity During Development of HCC in 
LEC Rats. We also compared the in vitro protein kinase 
activity of pp60 c snc in liver tissue samples from LEC rats and 
Wistar rats. The histopathological findings in liver tissue 
from 2-, 6-, and 12-month-old LEC rats were those of NL 
(Fig. 6A), CH (Fig. 6B), and HCC (Fig. 6D), respectively. The 
histological finding in the N tissue of 12-month-old LEC rats 
was CH (Fig. 6C) . The protein kinase autoradiograms in the 
liver tissues of 2-, 6-, and 12-month-old LEC rats and 
12-month-old Wistar rat are shown in Fig. 7. The kinase 
activity level in liver tissues of 2- and 6-month-old LEC rats 
and in the N and T portions of tissues of 12-month-old LEC 
rats was 1.0, 1.9, 3.8, and 12.1 times higher, as measured by 
enolase phosphorylation, or 1.1, 2.0, 4.1, and 19.2 times 
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FlC. 4. Western blots of tissue lysate using (A) pp60 c " src monoclonal 
(mAb 327) and (C) polyclonal (clone, N-16) antibodies, respectively, as 
probes. Twenty micrograms of tissue lysate of N and T regions of HCC in case 
2 were subjected to SDS-PAGE and analyzed as described in Materials and 
Methods. Western blot of pp60 c " 5fr after immunoprecipitation using (B) 
pp60 c " SfT monoclonal (clone, 317) and (D) polyclonal (clone, N-16) antibod- 
ies, respectively, as probes. The pp60 c 5n: immunoprecipitate product of TNE 
buffer without tissues was used as control [c] . The bands at molecular size of 
25 and 50 kd were also observed in the control sample. [C]: control sample. 



We also studied a polyclonal antibody (clone, sc-19) other 
than that determined by Western blot analysis mAb 327. A 
60-kd band was also shown in Fig. 4 A and 4C. The 25-, 50-, 
and 60-kd bands were shown in Fig. 4B and 4D. These results 
suggest that the upper band shown in Figs. 3 and 4 represents 
pp60 c src , and that the two lower bands represent heavy and 
light chains of the antibody, respectively. The kinase activity 
of pp60 c sre correlated with its protein levels in cases 2, 3, 4, 
12, and 13, and activity levels were elevated in the T tissues 
(Fig. 1). The other cases appear to show identical levels of 
pp60 csrc protein. However, the kinase activity was also 
elevated in the T tissues of these cases. Estimates of pp60 c sn: 
specific activity (a ratio of total kinase activity to the amount 
of protein) also seemed to be elevated in T tissues. Thus, the 
high total pp60 csrr kinase activity in the T tissues relative to 
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FlC. 5. Relationship between in vitro pp60 csrc kinase activity and 
histopathological differentiation of HCC. Values were averaged for poorly 
(n = 5) and moderately differentiated HCC (n = 10) and expressed relative 
to the activity of pp60 c s,c in well-differentiated HCC (n = 5). Values shown 
represent the mean ± SEM of pp60 cs,c activity for each group. *P < .05; 
and **P < .001 vs. well-differentiated HCC. # P < .01; and ## P < .001 vs. 
moderately differentiated HCC. 
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FlC. 6. Hematoxylin-eosin- 
stained sections from 2-, 6-, and 12- 
month-old LEC rat liver tissue. (A) 
Two-month-old LEC rat. (Original 
magnification X200.) (B) Six-month- 
old LEC rat. (Original magnification 
X200.) (C) N tissue in 12-month-old 
LEC rat liver. (Original magnification 
X200.) (D)T tissue in 12-month-old 
LEC rat liver. (Original magnification 
X200.) The histopathological find- 
ings in 2-, 6-, and 12-month-old LEC 
rat liver tissues were those of (A) NL, 
(B) CH, and (D) HCC, respectively. 
The change of the hepatocytes with 
nuclear enlargement is a characteris- 
tic histopathological feature of 
chronic hepatitis in 6-month-old LEC 
rats. (C) The histological finding in 
the N tissue of 12-month-old LEC 
rats was CH with preneoplastic le- 
sions. 



higher as measured by autophosphorylation, compared with 
that in 12-month-old Wistar rats, respectively (Fig. 8). The 
reproducibility of these findings was confirmed in three 
different experiments. These data suggest that the level of 
enzymatic activity is highest in the T part of 12-month-old 



kDa 




FlC. 7. Tyrosine kinase activity of pp60 c ~ src in liver tissues of 12-month- 
old Wistar rats and 2- and 6-month-old LEC rats, and N and T portions of 
liver tissue in 12-month-old LEC rats. Lysates containing 100 g of total 
cellular protein were prepared as described in Materials and Methods. The 
protein was precipitated with excess pp60 c " src antibody incubated for 10 
minutes at 30°C with [7- 32 P] -adenosine triphosphate and acid-denatured 
rabbit muscle enolase, and resolved on 10% SDS-polyacrylamide gels. 
Arrowheads, bands corresponding to pp60 c snr tyrosine phosphorylation, and 
arrows, bands corresponding to enolase. 



LEC rat liver tissues. The protein levels of pp60 csrc were also 
determined in these groups of rats by Western blot analysis 
(Fig. 9) . Three bands were detected in each lane, including a 
top band of pp60 C5/r , a middle band of heavy-chain immuno- 
globulin, and another band of light-chain immunoglobu- 
lin. 1417 The amount of pp60 csrc protein in liver tissues of 
2- and 6-month-old LEC rat tissues, and in N and T portions 




LEC(2M) LEC(6M) LEC(12M): N LEC(12M): T Wistar(l2M) 



FlG. 8. Relative levels of total kinase activity of pp60 c * src tyrosine kinase. 
The kinase activity of pp60 c sn: in liver tissues of 2- and 6-month-old LEC 
rats, and in N and T portions of liver tissues of 1 2-month-old LEC rats was 
higher than that in liver tissues of 1 2-month-old Wistar rats, as measured by 
enolase phosphorylation (■) or autophosphorylation (^). Note that the 
enzymatic activity was highest in T parts of liver tissue of 12-month-old LEC 
rats. 
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FlC. 9. Protein levels of pp60 csr ~ in liver tissues of 12-month-old Wistar 
rat and 2- and 6-month-old LEC rats, and N and T portions of liver tissues of 
12-month-old LEC rats. For Western blot analysis, pp60 csrc -antibody 
precipitates prepared from the same lysates as those used for the kinase 
assays shown in Fig. 6 were resolved by SDS-PAGE and transferred to 
nitrocellulose. Membranes were incubated with excess mAb 327 and 
washed, then immunoreactive proteins were visualized with an enhanced 
chemiluminescence detection system on radiographic films. Lysates contain- 
ing 50 g of total cellular protein were prepared as described in Materials and 
Methods. Arrowheads, bands corresponding to pp60 C 5nr ; * a band represent- 
ing heavy-chain immunoglobulin; and ** a band representing light-chain 
immunoglobulin. 



of 12-month-old LEC rat tissues was 1.1, 2.1, 6.0, and 6.5 
times higher than that in the liver tissue of 12-month-old 
Wistar rat, respectively. These data suggest that the level of 
pp60 c src protein correlated with pp60 c spc kinase activity and 
increased with the development of HCC. Estimates of pp60 c ~ 
snr specific kinase activity also seemed to be elevated in HCC 
in the liver of LEC rats. Thus, as in human HCC, the 
increased total kinase activity of pp60 c ~ src in HCC in LEC rats 
seemed to be caused by an increased amount of pp60 CSfr 
protein and the specific activity of the kinase. 

DISCUSSION 

Aberrant expression of individual protooncogene has been 
detected in several kinds of human tumors. 10 ' 17 Although 
little is known about the biochemical function of most 
protooncogene products, several are known to possess tyro- 
sine-specific protein kinase activity. The most extensively 
studied protein kinase is pp60 CSfr . 37 Rosen et al. 11 demon- 
strated that pp60 csrc kinase activity is significantly elevated in 
several apparently related human cancers. However, the 
activity of pp60 cs/r protein kinase has not been previously 
studied in HCC. 

The major finding of the present study was the elevated 
activity of pp60 c src tyrosine kinase in T tissues compared with 
N cirrhotic portions of human HCC (Figs. 1 and 2). However, 
the level of pp60 c " src protein synthesis judging from Western 
blot analysis was similar in T and N tissues in cases 5 through 
11 and 14. Thus, the enhanced activity in T tissues in these 



cases was probably caused by a high specific activity of the 
pp60 c ~ sn: kinase. These results strongly suggest that the 
transformation of liver cirrhosis (LC) to HCC is not critically 
dependent on the level of pp60 c_5rr protein synthesis, but 
rather on the activity of pp60 c src protein tyrosine kinase. Our 
results also showed a low pp60 csrc kinase activity in NL (Fig. 
1 , case 16) and CH (Fig. 1 , case 1 5) . pp60 c " Sfr was not detected 
by Western blot analysis in NL and CH as shown in Fig. 3 
(although very weak immunostaining of pp60 csrc may be 
detected using other methods) . The low level of activity may 
be caused by low levels of the protein in NL and CH tissue. 
Furthermore, because pp60 c src activation occurs in LC before 
the development of HCC, it appears to be an early event in 
tumorigenesis. However, because pp60 csrr activation does not 
occur in CH, such a process is not the initial event in tumor 
formation. 

Protein tyrosine kinase of pp60 csrc is known to play an 
essential role in signal transduction pathways involved in the 
regulation of cell differentiation. 38 Therefore, to investigate 
its role in the differentiation of HCC, we analyzed the 
relationship between the level of pp60 c sn: kinase activity and 
the histopathological grade of HCC. Our results demon- 
strated that the level of pp60 csrc activity was higher in poorly 
differentiated HCC than in well-differentiated HCC. These 
data suggest that pp60 csrc is not only important in the 
malignant transformation process leading to HCC, it is also 
closely related to the differentiation of HCC. However, our 
results could not establish a role for the high level of pp60 c sru 
kinase in promoting or inhibiting differentiation of hepatic 
cancer cells. 

The inbred strain of LEC rats was established from a closed 
colony of Long-Evans rats. Severe acute liver injury with 
jaundice develops spontaneously in these rats 4 to 5 months 
after birth, 1819 causing death from fulminant hepatic failure 
in more than half of the rats. Those rats that survive usually 
develop chronic hepatitis within a year and invariably de- 
velop cholangiofibrosis and HCC. 20 The natural history of 
liver disease in LEC rats may closely resemble that of human 
liver disease, in which HCC follows persistent liver disease. 
Thus, the LEC rat is a useful model for studying the 
mechanisms of hepatocarcinogenesis induced by nonviral 
factors. 21 * 25 

These rats serve as a useful tool for investigating the 
multistep oncogenic changes occurring at a molecular level. 
In the present study, we found increased pp60 csrc kinase 
activity with the development of HCC in LEC rats (Figs. 7 
and 8). In particular, the enzymatic activity was highest in T 
parts of the liver in 12-month-old LEC rats. In contrast, the 
activity was low and only a very weak pp60 csrc band was 
detected in the control Wistar rats and 2-month-old LEC rats 
(Figs. 7 and 8). The low level of activity in the control Wistar 
and 2-month-old LEC rats probably was caused by low 
pp60 CSIT protein levels in the liver. Using Western blot 
analysis, we also noted a lack of difference in pp60 c src protein 
levels between N and T tissues in 12-month-old LEC rat liver 
(Fig. 9). Our results suggest that the protein level is not 
important in the progression of CH to HCC in LEC rats, but 
rather that the activity of pp60 csrr kinase is more likely to be 
involved in the transformation of CH to HCC. 

What are the mechanisms that activate pp60 csrc in HCC? 
The activity of pp60 csrc kinase may increase following muta- 
tions or deregulation of upstream regulators of pp60 csrc 
activity, including activated receptor tyrosine kinases, loss of 
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inhibitory activates such as those of C-terminal Src kinase 
(Csk) or phosphatase, or other yet undefined, allosteric 
mechanisms. 39 In particular, Csk is a novel cytoplasmic 
protein tyrosine kinase that has been shown to inactivate 
members of the Src family protein tyrosine kinase in vitro. 40 41 
Preliminary results from our laboratory showed a significant 
decrease in the levels of tyrosine kinase activity of Csk in T 
tissues compared with N tissues of human HCC (unpub- 
lished results). Thus, reduced levels of Csk activity may be 
one of the several factors that contribute to the rise in 
pp60 c s/r -specific kinase activity in HCC. 

In conclusion, activation of the protooncogene product 
pp60 CSIT may play an important role in the malignant transfor- 
mation of hepatocytes in human and LEC rats and is closely 
related to the histopathological differentiation of human 
HCC. Therefore, HCC is a novel model for studying the 
function of pp60 c srr in malignant transformation. In addition, 
the suppression of pp60 csrc kinase activity may offer a novel 
strategy in overcoming the development and invasion of 
HCC. Further studies are necessary to investigate such 
processes. 
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ABSTRACT 

The Src protein tyrosine kinase is overexpressed and 
activated in a number of human cancers, including some 
human ovarian cancers. To determine whether Src activity 
plays a role in ovarian tumor growth, stable derivatives of 
the SKOv-3 human ovarian cancer cell line that exhibited 
reduced Src tyrosine kinase activity were generated by 
transfection with an antisense c-src construct. Comparison 
of these cell lines with parental SKOv-3 cells and stable 
sense c-src vector-transfected control lines revealed no phe- 
notypic alterations in anchorage-dependent proliferation, 
adherence, density saturation, or wound migration. How- 
ever, reduction in Src activity was associated with altered 
cellular morphology, dramatically reduced anchorage-inde- 
pendent growth, and, when assessed for tumor development 
in a xenograft nude mouse model, diminished tumor growth. 
Furthermore, reduction of Src activity in the antisense c-src 
cell lines was associated with reduced vascular endothelial 
growth factor mRNA expression in vitro, and tumors de- 
rived from these cell lines displayed a phenotype indicative 
of abortive microvessel vascularization. These results 
strongly suggest that Src is involved in critical oncogenic 
pathways that modulate tumor growth from this ovarian cell 
line. Furthermore, this evidence suggests that as in other 
tumor systems, Src activity is required for vascular endo- 
thelial growth factor induction and angiogenic development. 

INTRODUCTION 

Aberrant signal transduction, particularly inappropriate 
signaling mediated by unregulated tyrosine phosphorylation, is 
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commonly observed in human tumors. For example, in a sig- 
nificant fraction of human ovarian cancers, the inappropriate 
expression of the epidermal growth factor receptor PTK 4 HER- 
2/neu receptor PTK and the macrophage colony-stimulating 
factor receptor (c-fms) PTK forms the basis for their use as 
prognostic indicators (reviewed in Ref. 1). Alterations in cellu- 
lar tyrosine phosphorylation-mediated signaling, resulting in 
unbalanced total protein phosphotyrosine content, may occur via 
the overexpression or up-regulation of nonreceptor PTKs as 
well. The role of nonreceptor PTKs in the development of 
ovarian tumors remains largely unknown. 

The M T 60,000 pp60 c src nonreceptor PTK (Src) is the 
prototype member of the Src family of PTKs, all of which are 
M T 56,000-62,000 phosphoproteins with intrinsic PTK activity. 
All nine members of the Src PTK family discovered to date, 
namely Src, Yes, Fyn, Fgr, Blk, Lck, Lyn, Hck, and Yrk, 
participate in cell signaling, although the expression and activity 
of all but Src, Yes, and Fyn are limited primarily to cells of 
hematopoietic lineage (2). Src is normally involved in cellular 
functions as diverse as the response to mitogen stimulation, cell 
cycle control, and cell-cell communication (3). One major func- 
tion of the Src PTK family is to associate with receptor and 
nonreceptor PTKs, resulting in the stimulation of tyrosine kinase 
activity and increased phosphorylation of downstream sub- 
strates involved in signaling pathways (4). Indeed, Src activity is 
required for mitogenesis initiated by the epidermal growth fac- 
tor receptor and platelet-derived growth factor, two receptor 
PTKs linked to oncogenic transformation in human tissues (5). 

The pp60 c_src PTK is expressed in normal ovarian epithe- 
lium at relatively low levels. However, we have recently re- 
ported that both the expression of the Src protein and intrinsic 
Src tyrosine kinase activity are significantly increased in human 
ovarian tumors as well as in cultured human malignant ovarian 
cancer cell lines. 5 These results suggest that aberrant Src protein 
expression and/or kinase activity may also be involved in ovar- 
ian tumor development, maintenance, or metastasis. Increased 
Src protein level and kinase activity are known to be significant 
contributing factors to early tumor growth in human colon 
adenocarcinoma (6, 7) and are up-regulated in breast (8, 9) and 
pancreatic (10) tumors as well. Thus it was of interest to 
determine whether the up-regulation of Src played a primary 
role in regulating human ovarian growth, or whether it was an 
epiphenomenon associated with more fundamental genetic 
changes that drive the transition to a malignant phenotype. To 



4 The abbreviations used are: PTK, protein tyrosine kinase; VPF, vas- 
cular permeability factor; VEGF, vascular endothelial growth factor; 
FBS, fetal bovine serum; ICKA, immune complex kinase assay; mAb, 
monoclonal antibody; PEC AM, platelet endothelial cell adhesion mol- 
ecule; TCM, tissue culture medium. 

5 J. R. Wiener, T. C. Windham, V. C. Estrella, P. Thall, L-W. Ang, R. C. 
Bast, Jr., G. B. Mills, and G. E. Gallick. Activated Src protein tyrosine 
kinase is overexpressed in late stage human ovarian cancer: relationship 
with Her-2/neu expression, manuscript in preparation. 
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determine the potential role of Src in ovarian cancer tumor 
growth, we reduced Src expression and activity in the SKOv-3 
human ovarian cancer cell line via antisense technology, using 
an antisense expression vector construct characterized previ- 
ously (11). This cell line has been well characterized with regard 
to its use as a model of late-stage human cancer (12, 13) and is 
representative of ovarian cancer cells that overexpress the HER- 
2/neu PTK (13). In this study, we report that antisense-mediated 
reduction of Src PTK activity in SKOv-3 malignant human 
ovarian cancer cells resulted in significantly decreased tumor 
growth in nude mice, without affecting cellular proliferation. 
Reduced xenograft tumor growth was accompanied by de- 
creased vascularization of tumor tissues via abortive vessel 
development. In combination with results that demonstrate that 
reduction of Src activity resulted in a marked reduction in the 
expression of VEGF/VPF mRNA levels, our data suggest that 
Src activity modulates ovarian tumor growth in part by regulat- 
ing an oncogenic mechanism exclusive of angiogenesis and in 
part by modulating angiogenic development. 

MATERIALS AND METHODS 

Reagents. The liposomal transfection reagent Lipo- 
fectAMINE was obtained from Life Technologies, Inc. (Gaith- 
ersburg, MD) and used as directed by the manufacturer. The 
c-src antisense and sense eukaryotic expression vectors used to 
generate SKOv-3 stable transfectants have been described pre- 
viously (11). mAb clone 327, which recognizes amino acids 
90-120 of Src, was obtained from Oncogene Research Products 
(Cambridge, MA). mAb clone 1B7 to Yes was obtained from 
Wako, Inc. (Richmond, VA). The 204-bp cDNA probe for 
VEGF was obtained as a gift from Dr. Lee Ellis (M. D. Ander- 
son Cancer Center, Houston, TX). [7- 32 P]ATP (3000 Ci/mmol), 
[ct- 32 P]dCTP (3000 Ci/mmol), and the RediPrime random prime 
DNA labeling system were obtained from Amersham (Chicago, 
IL). Rat antimouse CD31 antibody (clone MEC 13.3) against 
PECAM was obtained from PharMingen (San Diego, CA). 

Cell Culture and Transfection. The SKOv-3 human 
ovarian cancer cell line was obtained from the American Type 
Culture Collection (Manassas, VA) and maintained in TCM 
comprised of McCoySA medium containing 10% heat-inacti- 
vated FBS (Sigma, St. Louis, MO), 2 mM L-glutamine (Life 
Technologies, Inc.), and 20 u^g/ml gentamicin (Life Technolo- 
gies, Inc.). 

Preliminary experiments to determine whether Src expres- 
sion and activity could be reduced using antisense c-src oligonu- 
cleotides clearly demonstrated the efficacy of this methodology 
(data not shown). However, for long-term biological studies, the 
generation of stable antisense transfectants was deemed to be the 
most suitable method for specifically reducing Src function. Thus, 
oligonucleotide linkers encoding either the sense or antisense 40- 
mer of the c-src mRNA sequence enclosing the ATG start codon 
were cloned into the pcDNAl vector (11) and used to generate 
G418/neomycin-resistant SKOv-3 monoclones. For transfection, 
SKOv-3 parental cells were plated in 100-mm dishes at a density of 
1.8 X 10^ cells/cm 2 and, after attachment for 24 h, transfected with 
6 fig of plasmid DNA and 80 u,g of LipofectAMINE, as described 
by the manufacturer. G418-resistant colonies were selected in 400 
u^g/ml G418 (Life Technologies, Inc.), isolated, expanded, and 
assessed for Src protein expression and intrinsic kinase activity as 
described below. 

Immunoblotting. Immunoblot analysis of prepared cell 
lysates was performed exactly as described previously (11), 



using 250 u,g of total cell protein/lane). Membranes were probed 
with anti-Src (mAb 327) antibody or anti-Yes (mAb 1B7) and 
then incubated with horseradish peroxidase-conjugated rabbit 
antimouse IgG secondary antibodies. Specific binding of the 
antibody was determined using the enhanced chemilumines- 
cence detection system (Amersham). 

ICKA. Monolayer cells in the logarithmic phase of 
growth were rinsed twice with ice-cold PBS before detergent 
lysis in modified radioimmunoprecipitation assay buffer con- 
taining 20 mM phosphate (pH 7.4), 1% Triton X-100, 150 mM 
NaCl, 5 mM EDTA, 50 mM NaF, protease inhibitors, and 2 mM 
sodium orthovanadate. Lysates prepared from solid tumors were 
homogenized in modified radioimmunoprecipitation assay 
buffer using a Polytron tissue disrupter (Brinkmann, Inc., West- 
bury, NY). Clarified lysates (250 fig of total protein) were 
reacted with 4 u,g of either mAb 327 for Src immunoprecipita- 
tion or mAb 1B7 for Yes immunoprecipitation, and the immune 
complexes were used in ICKAs as described previously (14). 
Labeled proteins were separated by electrophoresis on 10% 
SDS-polyacrylamide gels and detected by autoradiography. 

Anchorage-dependent Proliferation Assays. Determi- 
nation of cell doubling time was performed by plating 6 X 10 5 
cells/60-mm dish in TCM and counting the representative dishes 
at days 0, 3, and 5. Each time point/cell line was performed in 
triplicate. Doubling time was calculated using the formula D t = 
(0.69)(r)/ln Af f - In M v where t is time in hours between plating 
and counting, Af f is the cell number at time /, and Afj is the cell 
number at time 0. Anchorage-dependent cell proliferation was 
assessed using the fluorescent CyQuant GR method exactly as 
described by the manufacturer (Molecular Probes, Junction 
City, OR). In brief, 5 X 10 3 cells were plated/well in 96-well 
tissue culture plates (Nunc, Napierville, IL; eight wells/condi- 
tion/cell line) and incubated in medium containing the appro- 
priate concentrations of FBS for 24, 48, and 72 h. Quantitation 
of cell proliferation was performed by measuring fluorescence 
emission at 520 nm after excitation at 480 ran using a Beckman 
fluorescent ELISA reader (Beckman, Los Angeles, CA). 

Adherence Assay. To measure adherence to the extra- 
cellular matrix, collagen IV (Sigma) was plated as described by 
the manufacturer in 24-well plates (Nunc) and allowed to attach 
for 1 h at 22°C. The wells were then washed extensively, blocked 
with 0.2% FBS, and UV sterilized for 10 min. Attachment was 
initiated by adding 2.5 X 10 5 cells in 0.5 ml/well and allowed to 
continue for 3 h at 37°C before staining with PhastGel Blue 
(Pharmacia, Piscataway, NJ). Quantitative differences in attach- 
ment were estimated by visual examination. To measure adherence 
to plastic surfaces, 2.5 X 10 4 cells in 0.2 ml of TCM containing 
either 10% or 0.2% FBS were added per well of 96-well plates 
(Nunc; four wells/condition/cell line) and allowed to attach for 3 h 
at 37°C. The medium was then discarded, the wells were washed 
gently with PBS, and attachment was assessed using CyQuant GR 
as described by the manufacturer. 

Migration Wound Assay. Assessment of wound migra- 
tion was performed as described previously (15). Briefly, 4 X 
10 5 cells were plated per 35-mm dish (Nunc) and grown to 
>80% confluence. Wounding of the monolayer was performed 
by scraping with a sterile tissue scraper, followed by incubation 
in TCM containing either 10 or 0.5% FBS. After an additional 
48 h of incubation, the monolayers were stained with PhastGel 
Blue and examined visually. 

Saturation Density Assay. Determination of cell num- 
ber at saturation density was performed by plating 2 X 10 4 cells 
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in 200 jjlI of TCM per well of a 96-well tissue culture plate 
(Nunc). Cells were allowed to grow to complete confluence and 
then incubated for an additional 24 h before staining with 
PhastGel Blue. After extensive washing with PBS, cell density 
was determined by measuring the proportional stain intensity 
using absorbance at 490 nm. The mean density for each cell line 
test group was determined from eight well replicates. 

Anchorage-independent Growth Assay. Anchorage-in- 
dependent (soft agar) cell growth was assessed by planting 
2.5 X 10 4 cells/35-mm tissue culture dish with 2-mm grids 
(Nunc) in TCM as described previously (16). Each experimental 
condition was performed in triplicate. Cells were incubated at 
37°C in a humidified atmosphere containing 5% C0 2 for 14 
days. Colonies that contained ^30 cells were scored. 

Xenograft Tumor Growth Assay in Nude Mice. The 
tumorigenic capability of the antisense and sense c-src transfec- 
tants was assessed in nu/nu mice as described previously (11), 
with some modification. Briefly, cells were grown to 80% 
confluence in TCM, harvested by trypsinization, washed twice 
in HBSS (Life Technologies, Inc.), and resuspended to a final 
concentration of 2 X 10 7 cells/ml in sterile PBS containing 33% 
(v/v) Matrigel (Becton Dickinson). Cell suspensions (0.15 ml) 
were injected s.c. into the left flank of 6-week-old female nu/nu 
mice. Five mice were inoculated per test group. Tumor volume 
(in mm 3 ) was calculated using the formula for the volume of a 
prolate ellipsoid, (h> 2 /2)(0, in which w and / are the width and 
length of the tumor in millimeters, respectively. Tumors were 
harvested from exsanguinated mice after 40 days of growth and 
snap-frozen in OCT compound before CD31/PECAM immuno- 
histochemical staining (see below). 

Northern Analysis. Northern analysis for the quantita- 
tion of VEGF-specific mRNA was performed as described 
previously (17). Briefly, the total RNA isolated was electro- 
phoresed (15 jig/lane) through 1% agarose gels containing 0.22 
m formaldehyde. Membranes were probed with radiolabeled 
VEGF probe in 50% formamide, 5X Denhardt's solution, 0.5% 
SDS, 50 mM Hepes (pH 7.0), 4.8 X SSC, and 100 u,g/ml salmon 
sperm single-strand DNA (Sigma) at 42°C for 18 h. Blots were 
washed in 1 X SSC containing 0.5% SDS at 22°C and 0.1 X SSC 
containing 0.1% SDS at 50°C before autoradiography at -80°C 
for 3 days with one screen. 

Immunohistochemistry. Tumor microvasculature was 
evaluated immunohistochemically using tumor tissue thin sec- 
tions harvested from nude mouse xenografts (see above). Tissue 
sections were fixed sequentially in acetone, acetone/chloroform, 
and acetone; rinsed in PBS; and endogenous peroxidase-blocked 
by treating the sections with 3% H 2 0 2 in methanol. The sections 
were then incubated for 20 min at 22°C with a nonspecific 
protein blocking solution consisting of PBS containing 1% 
normal goat serum and 1 % horse serum. The sections were then 
incubated with 1:100 primary rat antimouse CD31 antibody at 
4°C for 18 h, washed in PBS, and incubated with secondary 
mAb (peroxidase-Iabeled mouse antirat antibody; 1:200 dilu- 
tion; Boehringer Mannheim, Indianapolis, IN) for 1 h at 22°C. 
After washing, the sections were incubated with stable diami- 
nobenzidine (Research Genetics, Huntsville, AL) for 20 min to 
develop the peroxidase signal and counters tained with Mayer's 
hematoxylin (Sigma). Sections were washed and mounted with 
Universal Mount (Research Genetics) and dried on a hot plate at 
60°C before examination. 
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Fig. 1 Western immunoblot analysis and ICKA characterization of 
c-src antisense clones. Immunoblot and immune complex kinase anal- 
yses were performed as described in "Materials and Methods." Lane 7, 
parental SKOv-3 human ovarian cancer cell line; Lane 2, sense c-src 
clone S20; Lane 5, antisense c-src clone 2AS4; Lane 4, antisense c-src 
clone AS 16. 



RESULTS 

Phenotypic Characterization of SKOv-3 Transfectants 
with Reduced Src Activity. Assessment of >50 expanded 
independent clones by immunoblot assay and ICKA yielded a 
number of antisense clones that possessed reduced Src tyrosine 
kinase expression and activity. In particular, the AS 16 and 2AS4 
antisense clones consistently displayed reduced Src expression 
or activity (Fig. 1) and were chosen for subsequent study. 

The Yes PTK is a member of the Src PTK family that is 
highly homologous to Src, and it is also expressed at low levels 
in normal ovarian epithelium relative to the observed overex- 
pression in ovarian cancer cells. 5 Assessment of the AS16 and 
2AS4 monoclones by ICKA for Yes tyrosine kinase activity 
demonstrated no change in Yes protein expression or intrinsic 
kinase activity when compared to the parental cell line (Fig. 1) 
and verified the specificity of the antisense method. 

To further characterize the phenotype of the sense and 
antisense transfectants, cell doubling, wound migration, adher- 
ence to plastic or collagen IV, and saturation density were 
measured. Although the antisense Src transfectants did display 
altered gross cellular morphology (Fig. 2), no significant differ- 
ence was observed for any of the other phenotypic properties 
among the parental SKOv-3 cells and the S20, AS 16, or 2AS4 
cell lines (Fig. 3A\ Table 1). 

Reduction of Src Activity Abrogates SKOv-3 Anchor- 
age-independent Growth. The SKOv-3 parental ovarian can- 
cer cell line divides under anchorage-independent conditions to 
form large colonies (>30 cells) that can be observed visually. A 
comparison of anchorage-independent growth for the Src trans- 
fectants revealed «*700 colonies/3 5 -mm dish for the parental 
SKOv-3 and sense S20 cells, whereas the two antisense cell 
lines exhibited diminished capability to grow in soft agar (<35 
colonies/dish; Fig. 3B). To address the possibility that the ob- 
served reduction in anchorage-independent growth was due 
merely to clonal variation in the parental SKOv-3 cell line, we 
isolated single-cell clones of the SKOv-3 parental cell line and 
performed assays for anchorage-dependent growth and anchor- 
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Fig. 2 Gross cellular morphology of c-src antisense clone AS 16. Pho- 
tomicroscopy of parental SKOv-3 cells (A), sense c-src clone S20 (B), 
and antisense c-src clone AS 16 (C). Magnification, X100. 



age-independent growth. Clonal isolates of the parental cell line 
showed variation in the ability to form colonies in soft agar, 
ranging between 600 and 1700 colonies/dish; none of the clones 
displayed the diminished anchorage-independent growth ob- 
served in the Src antisense clones (data not shown). 

Ovarian Tumor Growth Is Regulated by Src Activity. 
To assess directly whether Src activity is involved in in vivo 
tumorigenic growth, the Src transfectants described were used to 
generate tumors in a nude mouse xenograft model. These stable 
cell lines were inoculated s.c. into the flanks of 6-week-oId 
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Fig. 3 Analysis of in vitro anchorage-dependent and anchorage-inde- 
pendent growth of c-jrc antisense clones. Assays were performed as 
described in "Materials and Methods." A, anchorage-dependent growth 
assay; 6 X 10 5 cells were plated on day 0, and replicate dishes were 
counted on the days shown. Data from the growth curves were used to 
calculate doubling times (see Table 1). B, anchorage-independent 
growth assay; 2.5 X 10 4 cells were plated, and replicate dishes were 
examined 14 days after plating for colonies of 3=30 cells. Abscissa, 
mean colony number/35 -mm dish. 



female nude mice, and the tumors were monitored for growth 
volume as described in "Materials and Methods." Rapid tumor 
growth was observed for the parental SKOv-3 cells and the 
sense S20 cells (Fig. 4); by day 32, tumors were large (500-600 
mm 3 ) and were beginning to display central necrosis. In con- 
trast, tumors derived from both the 2AS4 and AS16 antisense 
Src cell lines displayed slower growth kinetics, achieving tumor 
volumes of only 90-180 mm 3 by day 32 (Fig. 4). To assess 
whether SKOv-3 clonal variation could account for the dimin- 
ished tumor growth, SKOv-3 clonal isolates of the parental cell 
line were assessed for tumor growth in the same nude mouse 
model. All SKOv-3 subclones formed s.c. tumors with a size 
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Table 1 Phenotypic characterization of SKOv-3 c-src transfectants 



Cell line 


Doubling time (h/days)° 


Adherence to plastic* 


Adherence to collagen IV 


Saturation density* 


SKOv-3 (parental cells) 


32.2/1.34 


45,000 ± 2,600 


NOD** 


0.606 ± 0.074 


S20 (sense) 


36.4/1.52 


36,000 ± 3,500 


NOD 


0.700 ± 0.061 


AS 16 (antisense) 


34.4/1.43 


37,000 ± 1,600 


NOD 


0.750 ± 0.060 


2AS4 (antisense) 


26.3/1.10 


43,000 ± 2,900 


NOD 


0.726 ±0.103 



a Doubling time was calculated using the formula D x = (0.69)(f)/ln M ( - In M v where t is time in hours between plating and counting, M ( is 

the cell number at time /, and M i is the cell number at time 0. 
b Adherence assays were performed as described in "Materials and Methods.*' Values shown represent mean fluorescence ± SD, with four 

replicates/sample. Values shown are in growth medium containing 10% FCS. Similar values were obtained in 0.2% FCS. 
c Saturation density assay was performed as described in "Materials and Methods." Values shown represent mean absorbance ± SD, with eight 

replicates/sample. 
d NOD, no observable difference between sample groups. 
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Fig. 4 In vivo xenograft tumor growth of c-src antisense clones. In vivo 
tumorigenic growth was assessed as described in "Materials and Meth- 
ods." Replicate groups 6-week-old female nude mice (five mice/group) 
were inoculated s.c. with 3 X 10 6 cells in Matrigel in the left rear flank. 
Tumor growth was monitored by direct measurement, and the volumes 
(mm 3 ) were calculated as described in "Materials and Methods." 



and growth pattern similar to that of the parental population 
(data not shown); none displayed the reduced tumor growth 
observed in the Src antisense clones (data not shown). These 
data suggest that Src modulates the rate of SKOv-3 ovarian 
tumor growth in vivo. 

Analysis of Src kinase activity directly from the mouse 
tumors verified that the activity was decreased in antisense AS 16 
and 2AS4 tumors, but not in the parental SKOv-3 or S20 tumor 
cells. Indeed, the S20 cell line, which generated 17% larger tumors 
than the SKOv-3 cell line, also displayed a somewhat higher Src 
activity than the parental cell line (data not shown). 

Src Regulates Angiogenic Development in Tumors by 
Altering VEGF Expression. Src has previously been shown 
to regulate the expression of the angiogenic factor VEGF/vascular 
permeability factor in NIH3T3 mouse fibroblasts, 293 kidney cells, 
and U87 human glioma cells (18) and in colon cancer cells (19, 20). 
Indeed, Src is required for the hypoxic induction of VEGF (18). In 
addition, analysis of human ovarian tumors has revealed that high 
VEGF expression is associated with increased microvessel density 
and poor overall survival (21, 22). To assess whether a similar 
mechanism could at least partially explain the reduced ovarian 



tumor growth in the antisense c-src tumors, we first analyzed 
VEGF steady-state mRNA expression in the antisense cell lines 
used for mouse inoculation by Northern blot analysis. Expression 
of the prominent 3.7-kb VEGF/VPF mRNA was observed to be 
reduced in the AS 16 cell line, as compared to the SKOv-3 parental 
cell line and the S20 sense control cell line (Fig. 5). These 
data suggested that Src activity directly regulated VEGF/VPF 
expression in ovarian cancer cells in vitro and suggested further 
examination of the xenograft tumors for the extent of microvessel 
development. To this end, the tumors were examined immuno- 
histo- chemically for CD31/PECAM expression, a marker for 
endothelial vasculature (20, 23). Visual examination of stained 
tumor sections from the growing edge revealed that the endothelial 
vessels in the AS 16 tumors displayed diminished branching and 
decreased vessel thickness (Fig. 6). Numerical counting of endo- 
thelial vessels in multiple planes of the tumors revealed that the 
total number of stained vessels did not differ significandy among 
the parental, S20, and AS 16 tumors (data not shown). These results 
suggest that reduction of Src expression and activity decreased 
endothelial vascularization in ovarian tumors, possibly by causing 
abortive vascular development. 

DISCUSSION 

Inappropriate activation of the Src PTK has been observed 
in human carcinomas of colonic (6, 7), breast (8, 9), and pan- 
creatic (10) origin. Indeed, we have recently reported increased 
Src activity in late-stage human tumors and in a panel of ovarian 
cancer cell lines. 5 However, the determination of whether in- 
creased Src activity is involved in the regulation of the onco- 
genic capability of tumor cells must be predicated on a demon- 
stration of diminished tumor growth after the reduction of Src 
protein kinase activity. In the example presented in this study, 
we have specifically down-regulated Src kinase activity in the 
SKOv-3 malignant human ovarian cancer cell line by generating 
stable transfectants with an antisense c-src construct. When com- 
pared to the parental cells or to stable sense transfectants, antisense 
c-src transfectants displayed altered morphology, but no significant 
changes were observed in cellular assays for proliferation, ad- 
herence, wound migration, or saturation density. However, the 
reduction of Src activity in the antisense clones decreased the 
steady-state expression of VEGF mRNA, dramatically reduced 
anchorage-independent growth, and sharply curtailed tumor growth 
in a xenograft mouse model. Finally, reduced tumor growth was 
coincident with abortive vascular development. 

These results strongly suggest that tumor growth in this 



Clinical Cancer Research 2169 




Fig. 5 Northern analysis of steady-state VEGF mRNA expression in 
c-src antisense clone AS 16. Analysis of VEGF mRNA expression was 
performed as described in "Materials and Methods." Top panel, auto- 
radiography of membrane probed with 32 P-labeled VEGF probe; bottom 
panel, ethidium bromide staining of 1% agarose/formaldehyde gel il- 
lustrating equal loading per lane. 



model system is at least partially dependent on Src function. 
Combined with our previous result that Src is overexpressed and 
activated in human ovarian tumors and cell lines in vivo, 5 our 
results suggest the possibility that Src has an important, physi- 
ologically relevant role in the growth of human ovarian tumors. 
The mechanism(s) by which Src modulates tumor growth is 
uncertain at present. Although the reduction in Src did not 
completely abrogate tumor growth, the dramatic reduction in 
anchorage-independent growth in vitro and the diminished tu- 
mor growth in vivo, combined with our data showing no ob- 
servable alteration in anchorage-dependent proliferation in vitro, 
suggest that: (a) Src activity is not essential for normal prolif- 
erative functions. This conclusion is in agreement with previous 
studies using c-src knockout mice, in which elimination of 
functional Src resulted in osteopetrosis but no perinatal lethality, 
implying that Src is not required for general cell viability due to 
redundant functional overlap with other Src family PTKs (24); 
(b) Src activation is vital for the modulation of anchorage- 
independent growth of human ovarian cancer cells in vitro, in 
agreement with previous studies of colon epithelium (25) or in 
studies using the activated viral form of Src (26). The dramatic 
abrogation of anchorage-independent growth in the in vitro 
environment suggests that the activation of Src is essential for 
oncogenic transformation, although the molecular mecha- 
nism^) that modulates tumor growth and requires Src remains 
unclear; and (c) Src appears to be involved in the reduced 
vascularity observed in tumors. The latter phenomenon has been 
observed in other model tumor systems. Indeed, studies in 
glioma cells and fibroblasts have revealed that hypoxia induces 
Tyr 416 phosphorylation and increased Src activity but does not 
alter Fyn or Yes activity. Furthermore, VEGF induction by 
hypoxia is significantly impaired by overexpression of domi- 
nant-negative c-src and in Src- fibroblasts derived from c-src 
knockout mice (18). Whereas these studies remain to be per- 
formed in ovarian cancer cells, they strongly suggest that VEGF 
production, and thus the stimulation of vascular development, is 
at least partly dependent on Src activation. However, at the 
present time, we cannot completely eliminate the alternative 




Fig. 6 Immunohistochemical analysis of CD31/PECAM expression in 
nude mouse tumors from c-src antisense clone AS 16. Analysis of 
endothelial vasculature staining in thin sections from mouse tumors was 
performed as described in "Materials and Methods." Staining was per- 
formed on thin sections of tumors derived from c-src antisense clone 
AS 16 (A), c-src sense clone S20 (B), and parental SKOv-3 ovarian 
cancer cells (Q. 



possibility that decreased microvessel development is indepen- 
dent of Src activation. 

Increased expression and activation of Src in late-stage 
ovarian tumors and cell lines suggest that Src activation is a 
frequent event, albeit following the multiple genetic events that 
are required for the complex transition from normal ovarian 
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epithelium to malignant ovarian cancer. Indeed, our observa- 
tions of normal levels of Src activation in SV40 large T-induced 
immortalized ovarian surface epithelium 5 as well as in normal 
ovarian epithelium support the concept that Src activation is 
required to advance ovarian tumor growth after initial genetic 
events predispose the cell to transformation. However, because 
we do not have Src activation data on various early stages of 
ovarian cancers at the present time, it is unclear when Src 
activation occurs in ovarian cancer development. 

In summary, we have used antisense methodology to stably 
reduce Src expression and activity in human ovarian cancer cells 
and show that reduced Src activity is associated with diminished 
anchorage-independent growth and reduced tumor growth in a 
xenograft nude mouse model. Furthermore, reduced Src activity 
and tumor growth are coincident with reduced microvessel 
development. Because this methodology is specific for Src and 
does not alter Yes activity, redundancy in the Src PTK family 
precludes affecting normal cellular functions and, at the same 
time, allows a more detailed investigation of Src-specific func- 
tions. Finally, based on the results of this study, it will be of 
interest to investigate the utilization of small molecule Src- 
specific inhibitors as a potential therapeutic reagent in ovarian 
cancers because they should have limited normal cell toxicity. 
These studies are currently underway. 
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Abstract 

In greater than 80% of colon tumors and established 
cell lines, the specific activities of the protein tyrosine 
kinases pp60°^ and pp62 c ^" are increased with 
respect to normal colonic epithelial cells. However, no 
mutations in either gene have been identified in colon - 
tumors. Therefore, the possible biological 
consequences of activations of these protein tyrosine 
kinases in colon tumors have been unclear. To 
determine if pp60 c "* fC activation affects growth and 
tumorigenicity of established colon tumor cell lines, an 
antisense expression vector that specifically reduces 
ppSO 0 ^ expression was constructed. The vector was 
transfected into HT 29 cells, an established colon 
tumor cell line in which both ppSO 0 ^ and pptt 6 ^ 
are activated. Two stable subclones were isolated in 
which pp60 c ~ arc but not pp62 c_r ~ expression and 
activity were reduced. These established cell lines 
proliferated more slowly than parental cells 
proportionately to reduction in pp60 c ~* rc expression. 
When injected into nude mice, antisense transfected 
cells formed slow-growing tumors; however, the rate 
of tumor growth was reduced far greater than would 
be predicted from decreased proliferation rates in 
tissue culture. In contrast, stable subclones 
transfected with a comparable "sense" expression 
vector were unaltered in growth rates in tissue culture 
and in nude mice with respect to parental HT 29 cells. 
These data demonstrate that the activation of pp60 c ~* rc 
alone contributes to the tumorigenicity of HT 29 cells, 
a cell line widely used as a model for biological 
properties of colon carcinoma. Furthermore, because 
pp60 c ** rc and pp62 c ** M appear redundant to the growth 
regulation of normal colonic epithelial cells, the data 
suggest that src-specffic inhibitors might be of 
therapeutic value for colon cancer. 



Received 10/9/96; revised 12/20/96; accepted 12/23/96. 
The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
advertisement in accordance with 18 U.S.C. Section 1734 solely to indi- 
cate this fact. 

1 Supported by the NIH Grants CA63617 and CA65527. 

2 Present address: Department of Surgical Oncology, Emory University 
School of Medicine, Atlanta, GA 30322. 

3 To whom requests for reprints should be addressed. Phone: (713) 792- 
3657; Fax: (713)794-4784. 



Introduction 

In the past few years, significant advances have been made 
toward understanding the molecular basis for the develop- 
ment of colorectal cancer. In both sporadic and familial colon 
cancers, mutations in specific oncogenes, such as c-ras, in 
tumor suppressor genes, such as APC, MCC, and p53, and 
in DNA repair genes, such as MSH 2, have all been impli- 
cated as important to the development of a majority of tu- 
mors (1). However, considerably less is known about the 
cumulative effects of mutations in these genes on growth- 
regulatory signal transduction pathways of colonic epithelial 
cells. One family of signal transduction enzymes, the nonre- 
ceptor PTKs 4 of which src is the prototype, is activated in 
nearly every human colon tumor, resulting in specific activ- 
ities of the enzymes equivalent to the cognate retroviral 
oncogene products (2-4). For pp60 c ~ s ' c , activation is first 
observed in an early stage of tumorigenesis, beginning with 
polyps of high malignant potential (5) and persisting through 
subsequent stages of tumor progression. Furthermore, ad- 
ditional increases in enzymatic activity occur during the de- 
velopment of distant metastases (4-6). Similar activations of 
pp62 c ->* s have been observed in colonic polyps and primary 
tumors (7, 8). Sporadic activation of p62 c ~ fc * has also been 
reported in some colon tumor cell lines (9). 

The mechanism for the observed alterations of enzymatic 
activity of src family PTKs in colon tumors is unknown but 
would appear to result from altered posttranslational regula- 
tion of the PTK activity, because mutations in the src family 
genes are not found in colon tumors (10). Several growth- 
regulatory pathways in which ppSO 0 ^ kinase activity is 
increased have been identified. For example, in fibroblasts, 
regulatory signals that increase the PTK activity of src family 
kinases include aggregation of integrins (11) and possibly 
other extracellular matrix components and the addition of 
several myogenic peptides (1 2). Additionally in the cell cycle, 
src family activity is required in G2 phase for fibroblast cell 
division (13) and is activated during M phase (14). Thus, 
activation of src family PTKs during tumorigenesis of colonic 
epithelial cells may be the result of primary genetic changes 
in genes other than c-src that lead to constitutive deregula- 
tion of one of the pathways in which c-src participates. 

Regulation of src family PTKs appears to be important in 
normal colonic epithelial ceil growth and differentiation. 
Normal colonic epithelial cells express both ppSO 6 ^ and 
ppQ2 c yBa (15), and the activity of these enzymes is higher in 
actively dividing crypt cells than in more differentiated cells 
(1 6). Thus, high specific activity of src family tyrosine kinases 
may be a marker of proliferation. However, hyperproliferation 



4 The abbreviation used Is: PTK, protein tyrosine kinase. 
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alone is insufficient to explain increased ppBO 0 "^ activity in 
malignant and premalignant colon epithelial celts, because 
the enzymatic activity is increased in ulcerative colitis as 
opposed to inflammation (1 7) and in polyps of high malignant 
potential as opposed to more "benign" polyps (5). Activity 
remains high in primary tumor and in metastases. Addition- 
ally, PTK inhibitors greatly reduce the growth of colon tumor 
cell lines with activated pp60 c src (18). These results suggest 
that src family activation may contribute to the altered growth 
regulation of colon tumor cells. Whether these changes are 
important to tumorigenesis of colonic epithelial cells or are 
only the result of malignant transformation was examined 
in this study by specifically inhibiting the expression of 
pp60 c src in a well-characterized human colon adenocar- 
cinoma cell line, HT 29. 

Results 

To accomplish inhibition of pp60 c src expression, we used 
antisense oligonucleotides and expression vectors directed 
against the translation start site of pp60 c_snc . As a model cell 
line, HT 29 human colon adenocarcinoma was used because 
both pp60 c src and pp62 c yes have high specific activities in 
these cells. Twenty-two base sense and antisense unmodi- 
fied oligonucleotides were synthesized, beginning five bases 
upstream of the ATG translation start site of c-src. This 
region has only 43% homology with c-yes. Increasing con- 
centrations of each purified oligonucleotide were added to 
HT 29 human colon adenocarcinoma cell cultures in serum- 
free medium. After a 16-h incubation, the cells were har- 
vested and lysed, and kinase activity and protein levels were 
determined. As shown in Fig. 1 , dose-dependent decreases 
in pp60 c src kinase level (A) and kinase activity (8) were 
observed in HT 29 cells treated with antisense oligonucleo- 
tides to a maximum concentration of 75 yM. No further 
inhibition was observed at 1 00 /im. No changes in either c-src 
protein level (Fig. 1 A) or activity (Fig. 18) were observed in the 
cells treated with the sense oligonucleotide compared to the 
control HT 29 cells. No inhibition of c-yes expression or 
kinase activity was observed (data not shown). These results 
demonstrate that the c-src antisense oligonucleotide specif- 
ically inhibits c-src kinase activity and protein expression. 

To evaluate potential alterations in proliferation and tumor- 
igenicity resulting from reduction of c-src expression and 
activity, the antisense and sense oligonucleotides were in- 
corporated into a pcDNA l/Neo plasmid vector under the 
control of the cytomegalovirus promoter and transfected into 
HT 29 cells; clones were selected in G418. The kinase ac- 
tivities and protein levels of pp60 c snc and pp62 c yos were 
determined in antibiotic-resistant clones, as described in 
"Materials and Methods." Fig. 2 compares the results from 
parental HT 29 cells (Lanes 7), two antisense transfectants 
termed AS15 (Lanes 2) and AS33 (Lanes 3), and a "sense" 
transfectant, termed S20 (Lanes 4) for kinase activity by 
autophosphorylation of pp60 c src or pp62 cyos (Fig. 2A), 
phosphorylation of an exogenous substrate, enolase (Fig. 
28), as well as relative protein levels by immunoblotting (Fig. 
2C). No differences in expression or activity of pp60 c src or 
pp62 c " yes were observed between parental HT 29 cells and 
the "sense" transfectant S20. However, clone AS15 was 
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Fig. 1. Expression and activity of pp60 c ' 8 ' c in HT 29 colon adenocarci- 
noma cells treated with c-src sense and antisense oligonucleotides. 
Twenty-two base sense (5 ' -GGACCATGGGTAGCAACAAGAG-3 ') and 
antisense (5'-CTCCTTGTTGCTACCCATGGTCC-3') unmodified oligonu- 
cleotides were synthesized as described in "Materials and Methods." 
Concentrations of each oligonucleotide indicated in the figure were added 
to subconfluent HT 29 cultures (5x10® cells) in serum-free medium. After 
a 16-h incubation, detergent lysates were made in a standard radioim- 
munoprectprtation assay buffer and subjected to immunoblotting (A) or 
immunoprecipitation and immune complex kinase assay. (S) for pp&F'"*. 
as described. 



reduced 4.5-fold in pp60 c snc activity and level with respect to 
parental HT 29 cells (compare Lanes 1 and 2), and clone 
AS33 was reduced 2-2.5-fold in pp60 c_src kinase and 2-fold 
in protein level (compare Lanes 1 and 3). To determine the 
specificity of inhibition of ppeo 0 *^ reduction, the expression 
and activity of the related src-family member pp62 c yes was 
assessed. As shown in Fig. 2, the expression and activity of 
pp62 c /9S in all transfectants were comparable to parental 
HT 29 cells. 

The morphology of AS15 cells in comparison to parental 
cells is shown in Fig. 3. Subtle morphological differences 
from parental cells are noted, with AS15 cells growing in a 
more elongated, organized pattern. Cells at the edge of 
colonies have a more serrated, villus-like appearance. How- 
ever, these changes did not correlate with increased expres- 
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Fig. 2. Expression and activity of ppeo*"** and pp62 cy * s in parental HT 
29 cells (Lanes 7), "antisense" transfected clones AS15 (Lanes 2) and 
AS33 {Lanes 3), and a "sense" transfected clone, S20 {Lanes 4). Stable HT 
29 subclones were isolated, and cell lysates were subjected to immuno- 
blotting and immune complex kinase assays for ppSO 0 "^ and pp62 c-y * s 
as described in "Materials and Methods." A autophosphorytation of 
ppeo 0 *** or ppBZ*'* 99 ; B, phosphorylation of the exogenous substrate 
enolase; C, relative levels of ppeo^ and PP 62 C ^. 



sion or altered distribution of villin (data not shown). By 
electron microscopy, the number of microvilli was unaltered, 
and no evidence for mucin granules was observed. Thus, 
AS15 cells lack classic hallmarks of differentiation of HT 29 
cells. No morphological changes were observed in AS33 
cells or in any clones derived from "sense" transfectants. 

Proliferation rates of the clonal cell lines in tissue culture 
are shown in Fig. 4A HT 29 and S20 cells had doubling times 
of 23 h, as compared to 28 and 36 h for AS33 and AS1 5 cells, 
respectively. To examine anchorage-independent growth, 
soft agar colony formation was assessed as described in 
"Materials and Methods." No difference in ability to form soft 
agar colonies was observed between parental HT 29 cells 
and S20 "sense" transfectants. AS15 cells were 5-fold re- 
duced in number of colonies, and AS33 cells were 2-fold 
reduced. The number of cells/colony were also fewer for the 
antisense transfectants; however, longer growth periods did 
not significantly increase the number of colonies formed by 
these cells. 

To determine if reduced pp60 COT level and activity af- 
fected tumorigenicity and growth in nude mice, two clones, 
AS15 (antisense transfected), and S20 (sense transfected) 
were injected in equal numbers (10 6 viable cells) into the 
flanks of nude mice. Growth of tumors induced by these cell 
lines in nude mice is shown in Fig. 4S. In three separate trials 
of 5, 8, and 8 mice per cell type, 100% of mice inoculated 
with either parental HT 29 or "sense" transfectants devel- 
oped tumors. In contrast, only 70% of mice inoculated with 
the reduced src clone, AS15, developed viable tumors. 
AS15-inoculated mice had a significant lag period in tumor 
development compared to parental and sense clones, with 
clearly visible tumors not appearing before 30 days after 
injection. After 50 days, tumor volume resulting from growth 
of antisense transfectants was approximately 1000-fold less 




Fig. 3. Morphology of AS1 5 and parental HT 29 cells. Photomicrographs 
of cell cultures were taken 3 days after seeding 2 x 10 s cells in tissue 
culture medium. A and C, xi5O;0andD, X300.E. HT29, X400;F,AS15, 
x400. 



than that of the "sense" transfected clone, S20 and parental 
HT 29 cells. Growth of AS33 tumors was intermediate to that 
of parental and AS15 clones, in accord with the intermediate 
steady-state levels of pp60 c_STC expressed in this clone. 
Thus, reduction of pp60 csrc expression corresponds directly 
with decreased tumorigenicity. Furthermore, the decreased 
proliferation rate of these in tissue culture is insufficient to 
account completely for the reduction in growth rate in nude 
mice. 
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Fig. 4. Growth of parental KT 29 cells and clones AS15 and S20 cells in 
vitro and in nude mice. For in vitro growth (A), 1 x 10° cells were seeded 
in 60- mm tissue culture dishes with DM EM, supplemented with 10% fetal 
bovine serum. Viable cells were counted every second day. For in vivo 
growth (0), 1 x 10° cells of each done were injected s.c in the flank of 
eight nude mice/ceU type. Tumor diameters were measured biweekly with 
calipers, and tumor volume was calculated. Bars, SE. 



Discussion 

These findings support an important role for ppoX) 0 ^ in the 
tumongenicrty of a colon adenocarcinoma cell line. Given the 
frequency of increased specific activity of this PTK in human 
colon tumors and cell lines, the results suggest that activa- 
tion of pp60 c " src is a common downstream event following 
genetic alterations leading to colon cancer. The close asso- 
ciation of c-src activation with critical early events in malig- 
nancy, i.e., activation in polyps of high malignant potential 
but not in "benign" potyps (5), in ulcerative colitis but not 
inflammation (17), demonstrates that increased enzymatic 
activity is likely an important common event in the develop- 
ment of colon cancer. Similar increases in c-yes activity have 
also been observed in early stages of colon tumor develop- 
ment (19, 20). Although the role of c-yes activation in early 
events in colon tumorigenesis is as yet unknown, the results 
of this study imply that activation of ppSCf'^ alone may be 
critical to sustained tumongenicrty and tumor cell growth. 

In two human leukemia cetl lines, U937 from a histiocytic 
lymphoma (21) and K562 from a chronic myelogenous leu- 
kemia (22), c-src expression has also been implicated as 
important for proliferation and differentiation by a strategy in 
which the complete v-src gene was expressed in the anti- 
sense orientation. These results may suggest a wider role for 



c-src expression in the growth of tumor cells. Alternatively, 
because the ability of the v-src antisense expressed in this 
vector to inhibit other members of the src family was not 
assessed, inhibition may result from normal functions of the 
src family in growth-regulation pathways. 

In the experiments presented in this report, biological ef- 
fects occurred without c-yes inhibition. This result is some- 
what surprising, because src "knock-out" mice suffer no 
apparent defects in development or function of the colon 
(23), suggesting that another family member (presumably 
c-yes) is redundant for c-src signaling functions in these 
processes. However, recent evidence has demonstrated that 
c-src is more important than c-yes in the production of 
vascular endothelial growth factor induced by hypoxia (24). 
In accord with this result, we have demonstrated that the 
antisense transfectants are reduced in vascular endothelial 
growth factor relative to parental cells, proportionately to 
reduction in steady-state pp60 c ~ s/t: levels. 5 Thus, decreased 
vascular endothelial growth factor production might explain 
the differences in the proliferation rates of antisense trans- 
fectants in tissue culture relative to their ability to grow in 
nude mice. Indeed, mice with AS15-induced tumors have 
survived for more than 1 year, with tumor burdens no larger 
than those induced by HT 29 cells in 60 days. 

In other model systems in which src family activation is 
required for tumor development, c-src and c-yes are also not 
redundant in tumorigenic function. In transgenic mice ex- 
pressing the polyoma virus-encoded middle T oncogene in 
mammary epithelium, mammary tumors universally develop 
(25). When these mice are crossed with "srciess" mice, the 
progeny do not develop mammary tumors (26). In contrast, 
when the mice are crossed with mice in which c-yes has 
been functionally deleted, mammary tumors develop consis- 
tently, although pp62 c " riw 1 like ppGCf^. is capable of asso- 
ciating with polyoma middle T antigen, an association which 
increases the specific activities of either src family member 
[reviewed by Courtneidge et al. (27)]. Thus, in several tumor 
systems, activation of pp60 c-s,c in the absence of mutation 
may be critical to tumor development. However, to eliminate 
any potential role for c-yes in colon cancer, further experi- 
ments will be required. 

The mechanism by which increased specific activity of 
pp60 c ~*' c kinase occurs in colon cancer remains unknown. 
However, recent data have demonstrated that cytoskeletal 
and extracellular matrix proteins may induce signaling 
through src [reviewed by Erpel era/. (28)]. Because several of 
the genetic mutations that commonly occur in colon cancer 
development involve proteins of the cytoskeleton (APC, 
DCC, and MCC), an obvious possibility is that these proteins 
play a role in normal regulation of ppec/ 5 "*'* activity, which is 
higher in actively dividing crypt cells than in differentiated, 
nonproliferative colon epithelial cells. The strategy used here, 
i.e., specific reduction of expression through the use of a 
small antisense transcript, may provide further insight into 
the signaling pathways in colon epithelial cells that involve 
pp60 c " s ' c regulation and the relative roles of src family mem- 
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bers in colon tumorigenesis and progression. Furthermore, 
the differences between the enzymes may be exploited in the 
design of PTK inhibitors. A src-specific inhibitor would be 
expected to have limited toxicity but effectively and specif- 
ically reduce the growth rate of colon tumor cells. 



Materials and Methods 

Cod Culture. HT 29 cells were maintained in DMEM with Earte's salts and 
2 nui glutamine (Ufa Technologies, Inc., Grand Island, NY) supplemented 
with 1 0% fetal bovine serum (HycJone Laboratories, Inc., Logan, UT). For 
studies with antisense oUgonudeotides, cells were transferred to serum- 
free media 12 h prior to the addition of the oligonucleotide. 

tm mu nopfedpttatton and Immune Complex Kinase Assays. Prior 
to lysis, cells were rinsed twice with ice-cold PBS. Detergent lysates were 
made in a standard radJotmmunopredprtatk>n assay buffer. Ceils were 
homogenized and clarified by centrifugation at 10,000 x g. Cell lysates 
(250 pg protein) were reacted for 2 h with either monoclona] antibody 327 
(Oncogene Sciences) for irrmiunoprecipitation of ppeo 0 ^ or 1B7 (Wako, 
Inc., Richmond, VA) for irrununopredpitatton of pp62°" >,M . Immune com- 
plexes were formed by the addition of 6 /tg of rabbit anti-mouse IgQ 
(Organon Teknika, Durham, NQ for 1 h, followed by 50 ^ of 10% <v/v) 
formalin-fixed Pansorbin {Staphylococcus aureus, Cowan strain; Catbio- 
chem, La Jolla, CA) for 30 min. Pellets were washed three times in a buffer 
consisting of 0.1% Triton X-100, 150 rrw Nad. and 10 rim sodium 
phosphate. Immune complex kinases assays were performed by standard 
procedures as described previously (16). Briefly, reactions were initiated 
at 4°C by the addition to each sample of 10 ^Ci of [y^PJATP. 10 rrw 
Mg 2+ , and 100 /im sodium orthovanadate in 20 mti HEPES buffer. After 10 
min, reactions were terminated by the addition of SDS sample buffer. 
Proteins were separated by SOS-PAGE on 10% poryacrytamide gels, and 
radioactive proteins were detected by autoradiography. Quantitation of 
differences in activity was determined by densitometry. 

Immunoolotting. Clarified cell lysates (250 jig/lane) were separated 
by SOS-PAGE on 10% gels and electroWotted onto poryvinyfidene dffiu- 
oride membranes (Amersham Corp., Chicago, IL) using standard proce- 
dures (16). Membranes were blocked with 15% skimmed milk in PBS, 
then incubated with anti-src or anti-yes antibodies at 1:1000 dilution, 
followed by horseradish rjeroxidase-conjugated rabbit anti-mouse IgG. 
Specific binding of antibody was determined using the ECL detection 
system (Amersham). 

Oligonucleotide Synthesis. Twenty-two base sense (5'-GGACCAT- 
GGGTAGCAACAAGAG3-) and antisense (5' -CTCCTTGTTGCTACCCAT- 
GGTCC3') unmodified oligonucleotides were synthesized by standard 
protocols (Miilipore Cyclone plus DNA synthesizer), deprotected with 30% 
NK»OH, and extracted with 1-butanol (29). 

Construction of c-src Expression Vectors and Tranafection. A 
construct spanning me translation start site of ppd/OP-"* was generated by 
annealing two primers (5 ' - AGCTTGGACCATGGGTAGCAACAAGAG- 
CAAGCCCAAGGAT-3') and (5'-CT AGATCXriTGGGCTTGCTCTTGTTGC- 
TACCCATGGTCCA-3'). The antisense construct was synthesized in a 
similar manner with the two primers (5 ' - AGCTATCCTTGGGCTTGCTCT- 
TGTTGCT ACCCATGGTCCT -3') and 5'-CTAGAGGACCATGGGTAGCAA- 
CAAGAGCAAGCCCAAGGAT-3'). The pcONAI plasm kj (InVrtrogen) was 
then digested with H/ndlll and Xoal, and a ligation reaction was performed 
to insert the sense and antisense constructs. Escherichia coil was trans- 
formed by the plasm ids, selected clones were harvested, the bacteria 
were lysed by alkali treatment, and plasmids were purified. Confirmation 
of the correct insert was determined by PCR followed by DNA se- 
quencing. 

Transfection. HT 29 cells were grown to 70% confluency. Cefls were 
transfected in serum-free media for 6 h with the aid of Upofectamine (Life 
Sciences) at a ratio of 100 hq of lipofectamine/16 /ig of plasmid DNA. 
G418-resistant colonies were expanded, and the resulting clones were 
screened for expression and activity of pp60 c ~* /c , as described above. 

T u mortgentcfty Assays, Cells from clones to be tested were grown in 
tissue culture to log phase (-70% confluent), trypsinized, and counted 
with the aid of a hemacytometer. Cells (1 x 10*) of each clone were 
injected s.c. in the flank of eight nude mice/cell type. After tumors were 
detected by visual observation, tumor diameters were measured brweeWy 



with calipers. In animals in which tumors formed, the average tumor 
volume was calculated. 
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Epstein-Barr virus (EBV) exposure of human B lym- 
phocytes induces rapid, Ca 2+ -dependent tyrosine phos- 
phorylation of two cytosolic proteins, one likely the 
CD21 EBV receptor and another unknown species of 
55-60 kDa. We now identify the latter protein as the 
tyrosine kinase Ick (p56' c *). In T cells many activation 
events reduce the high constitutive p56 ,c * expression 
levels typical for that lineage, and they induce the 
appearance of a 60-kDa Ick species. We now demon- 
strate that in B cells exposed to EBV the at best low 
constitutive p56 /e * expression levels are rapidly and 
transiently up-regulated without generation of 60-kDa 
Ick. fcfe-specific antisense oligonucleotides block p56' c * 
induction and prevent subsequent B cell activation and 
immortalization whereas B cell activation by nonon- 
cogenic agents was unaffected. We propose that p56 /c * 
superinduction is a transformation prerequisite which 
signals entry into the oncogenic growth transforma- 
tion process. 



Protein modification by phosphorylation is the post-trans- 
lational motor for a wide range of cellular functions and 
usually involves serine- or threonine phosphokinases. Tyro- 
sine kinases provide <1% of cytosolic phosphorylation and 
have specifically been associated with cell activation and 
growth control (1, 2). The lymphoid cell lineage-specific ty- 
rosine kinase p56 fc *, a relative of the viral oncogene v-src, is 
overexpressed in several T-lymphomas/leukemias (3-5). Hu- 
man p56** transcripts are abundant in thymus, common in 
CD4 + and CD8* T cells, and present in at least some B cells 
and some but not all EBV l -transformed B cell lines (6, 7). 

EBV is a ubiquitous, usually latent human herpes virus 
closely associated with several malignancies (8-12). In vitro , 
EBV transforms human B lymphocytes into immortal cell 
lines; latently infected B cells, transformed lines, or injected 
virus produce high grade lymphomas in susceptible hosts (9, 



* This work was supported by grants from the Medical Research 
Council and National Cancer Institute of Canada as well as a URIF 
Program Grant from the Province of Ontario. The costs of publication 
of this article were defrayed in part by the payment of page charges. 
This article must therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C. Section 1734 solely to indicate this fact, 

% To whom correspondence should be addressed: The Hospital for 
Sick Children, 555 University Ave., Toronto, Ontario M5G 1X8, 
Canada. Fax: 416-598-6897. 

1 The abbreviations used are: EBV, Epstein-Barr virus; SDS, so- 
dium dodecyl sulfate; PCR, polymerase chain reaction; BCECF, 2\7'- 
biscarboxyethyl-5|6|-carboxyfluorescein; BCIP, 5-bromo-4-chloro- 
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12-15). 2 Transition to the transformed phenotype is of con- 
siderable clinical relevance but poorly understood (9-11). A 
recent series of experiments delineated cytosolic events trig- 
gered in target B cells within minutes following EBV infection 
(16). These events include activation of the Na + /H* anti- 
porter, uniquely shaped transmembrane Ca 2+ fluxes, induc- 
tion of several heat shock proteins (hsp), as well as tyrosine 
phosphorylation of an unknown 55-60 kDa protein and of 
(likely) the 145-kDa EBV receptor (CD21). Several of these 
events are unique for EBV and critical for successful B cell 
transformation, suggesting that the oncogenic transformation 
process differs from nononcogenic B cell activation pathways 
already very early (16). In this report, we identify p56 fc * as an 
enzyme critically associated with this process. 

MATERIALS AND METHODS 

Cell and Virus Preparations — Mononuclear cells were obtained by 
Ficoll-Hypaque density centrifugation from tonsils of children 
undergoing tonsillectomy, and B lymphocytes were purified by E- 
rosette depletion of mononuclear tonsil cells (17). Growth- transform- 
ing EBV was obtained from the B95-8 marmoset line (18), Cell-free 
supernatants were concentrated 10- fold by ultracentrifugation and 
stored in liquid nitrogen (19). 

Western Blots— Purified B cells (10 6 ) were incubated (10 min-24 
h, 37 °C) with 10 5 B95-8 EBV particles (16). EBV-treated or un- 
treated B cells were spun through oil (3 parts corn oil and 10 parts 
dibutyl phthalate) and washed twice with phosphate-buffered saline. 
Cells were solubilized in 10 /il sample buffer (5 ml of 10% SDS, 2.5 
ml of 1.5 M Tris, pH 8.8, 2.5 ml of glycerol, 0.25 ml of 2-mercaptoeth- 
anol, 0.2 ml of 5% bromphenol blue, and 5 ml of dH 2 0) and boiled 
(10 min), chilled, cleared, and separated on 10% SDS-polyacrylamide 
gels followed by electroblotting onto nitrocellulose membranes. Mem- 
branes were blocked (2 h) with 5% skim milk, followed by 1-h 
exposure to monoclonal antibody against phosphotyrosine (1/500, 
Amersham, Mississauga, Ontario), human CD20 (1/1000, Coulter 
Diagnostics, Hialeah, FL), or human Ick (1/10, gift from Dr. T. Mak, 
Ontario Cancer Institute, Toronto, Ontario). Membranes were washed 
with TBS/Tween (10 mM Tris, 150 mM NaCl, 0.5% Tween), and 
biotinylated anti-mouse Ig (1/500, Amersham) was added for 20 min. 
Membranes were washed with TBS/Tween, and streptavidin- alkaline 
phosphatase complex (1/3000) (Amersham) was added for 20 min, 
washed, and exposed to substrate (nitroblue tetrazolium/BCIP in 
diethanolamine buffer, Amersham) until visible bands developed (16). 

Polymerase Chain Reaction — Purified B lymphocytes were treated 
with EBV as before, and Jurkat (T-) cells provided fcfc-positive control 
cells (5). Extracted cytosolic RNA (10 ng) was reverse-transcribed to 
cDNA and amplified by PCR in a single tube reaction as described 
(20). Oligonucleotide primers (100 nM) Ick 121 (5'-CGCCAGA- 
AGCCATTAACTA-3') and Ick 601 (5' -GACAATGTGCAGAGT- 
CCAC-3') used published sequences from the positions indicated (6, 
21). Following an initial denaturation step, samples were cycled 
through 1 min/51 °C, 2 min/72 °C, and 1 min/94 °C in a Thermocy- 
cler (Ericomp Inc., San Diego, CA). After 28 cycles, 10 /il of the PCR- 
amplified product was size -fractionated by gel electrophoresis, blotted 
onto nylon membranes, and probed with a y - 32 P-end- labeled, internal 
oligonucleotide probe Ick* 1 (5'-GCACAAGAACTCCATTCTCC-3 , ). 
Control samples where the reverse transcriptase- mediated cDNA 
synthetic step was omitted never showed PCR product that hybridized 
with the reporter oligonucleotide. 

Uptake of Oligonucleotides into B Cells— y - 32 P- End -labeled oligo- 
nucleotide (2 fiM) was incubated with B cells (10 6 ) at 37 'C for 30 
min-8 h until cells were separated from supernatant by centrifugation 
through oil (3 parts corn oil and 10 parts dibutyl phthalate). Cells 
and aliquots of supernatant were counted. 

Measurement of B Cell Activation and Transformation — EBV- 
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induced growth transformation was measured by two closely linked 
parameters: Ig production and actual cell growth as described (16. 
17). Purified B lymphocytes (5 X 10 4 ) were incubated (30 min, 2 pM 
in 96-well round bottom plates) with one of the following oligonucle- 
otides: fc* M \ lck**\ lck m (see above), or Ick 0 " 0 (5' - CTCAAGG AA- 
ATGGGAGAGC-3'). EBV (10 6 particles) was then added, and cells 
were cultured in RPMI 1640 containing 10% fetal calf serum at 37 *C 
for 14 days. Ig secretion was measured by automated particle concen- 
tration fluorescence immunoassay procedures using a Baxter-Pandex 
Screen Machine (Baxter-Pandex, Mundelein, IL) as described (16, 22, 
23). Briefly, affinity- purified goat antibodies to a given Ig isotype 
(BioCan Scientific, Mississauga, Ontario) were covalently conjugated 
onto 0.9-^m polystyrene particles, and 20 n\ of a 0.15% suspension 
were added to 96-well unidirectional flow vacuum filtration plates, 
followed by 5-20 /d of culture supernatant, phase separation, and 10 
ng of fluorescein isothiocyanate -conjugated, affinity-purified goat 
anti-human Ig antibodies. Additions, incubation, phase separation, 
washing steps, and fluorescence reading were done automatically by 
the instrument, and data were transmitted to and analyzed with 
MncPlate Macintosh software (HSC, Toronto, Ontario). EBV- 
induced cell growth was measured in a Screen Machine by an auto- 
mated fluorescence technique with the fluorescent dye 2'/7'-biscar- 
boxyethy 1-5 {6} -car boxy fluorescein (BCECF) (22). Briefly, cells were 
dye-loaded (30 min) with 1 /ig/ml BCECF-acetoxy methyl ester, and 
aliquots were transferred to 96-well vacuum filtration plates, washed 
by the Screen Machine. The fluorescence emission (493/540 nm ex- 
citation/emission) of intracellular dye was measured together with 
that of standard purple dye particles (540/640 nm). Cell numbers 
were extrapolated using as a reference dilutions of dye-loaded trans- 
formed lymphoblasts generated in our laboratory (22). 

RESULTS AND DISCUSSION 

Rosette-purified human B cells (<1% T cells) were exposed 
(5 min-24 h, 37 °C) to EBV, washed twice, spun through oil, 
and lysed (Fig. 1). Lysates were separated on SDS-polyacryl- 
amide gels and Western-transferred to nitrocellulose mem- 
branes for probing with monoclonal anti-phosphotyrosine 
antibody (16). Tyrosine phosphorylation of a ~56-kDa protein 
appeared rapidly within 10 min of virus exposure, reaching a 
maximum at 3-6 h and declining to control levels by 24 h. 
We previously found no such phosphorylation following ac- 
tivation of B cells with mitogen, phorbol myristate acetate, or 
ionomycin (16). Control blots, probed with anti-CD20 (23), 
confirmed that similar amounts of lysate had been analyzed 
(panel #). 

Parallel blots were probed with anti-/c& antibody (panel C) 
(24). A single species of p56 te * protein was positively identified 
as a faint but definitive band before and 5 min after EBV 
exposure. After 15 min (total processing time, 23 min) p56 fcA 
was superinduced, reaching maximum levels by 3-6 h and 
declining to control levels by 24 h (panel A). Sequential 
immune precipitation (not shown) demonstrated that prior 
precipitation with anti-p56' c * removed the tyrosine-phos- 
phorylated 56-kDa species, confirming that it represents 
autophosphorylated p56 /c *. In neither untreated nor EBV- 
infected samples did we find a protein species with slower 
mobility (60 kDa) that was detected by either anti-phospho- 
tyrosine or by anti-/cfc antibodies. 

Exposure of purified T cells to EBV had no effects on p56 ,c * 
(not shown) or ion fluxes (16). T cell activation reduces p5& ch 
and generates a modified 60-kDa Ick protein (25, 26). Our 
observation of increased p56 te * and absent p$0 icb (Fig. 1) 
suggests either different processing pathways in T and B cells, 
or differences among nononcogenic and oncogenic transfor- 
mation processes. As murine lymphoma lines (e.g. LSTRA 
(27)) express the p56 fc * but not p60' f * at high levels, the latter 
may be more likely. 

The rapid onset of tyrosine phosphorylation placed the 
kinase and its substrate as normal, low level constituents of 
the cytosol in resting B cells. To understand the further rise 
in expression, levels of p56 /fA mRNA were compared in EBV- 
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FIG. 1. Induction kinetics of tyrosine phosphorylation, 
p56 /c/f , and Ick mRNA in B lymphocytes exposed to EBV. 

Purified B cells (I0 f ') were incubated with 10 8 B95-S EBV particles 
for the periods indicated (10 min-24 h, 37 °C). Cell lysates were then 
size-fracttonated by SDS-polyacrylamide gel electrophoresis and blot- 
ted onto nitrocellulose membrane. Monoclonal anti-phosphotyrosine 
antibodies (A ), anti-CD20 antibodies (fl), and anti-lck antibodies (C) 
were used to probe parallel blots. 0, induction of Ick mRNA by EBV 
in human B cells. Purified B lymphocytes were treated with EBV as 
in A-C. Jurkat (T-) cells provided /^-positive control cells. Extracted 
cytosoiic RNA (10 ng) was reverse-transcribed to cDNA and amplified 
by standard, 28-cycle PCR. PCR product was size-fractionated by gel 
electrophoresis, blotted onto nylon membranes, and probed with a y- 
^P-end-labeled, internal oligonucleotide probe Ick** 1 (5'-GCACAA- 
GAACTCCATTCTCC-3'). In control samples where the reverse 
transcriptase-mediated cDNA synthetic step was omitted no DNA 
was found hybridizing with the reporter oligonucleotide, bp, base 
pairs. 

exposed B lymphocytes as described (16, 20). To reduce cell 
and virus requirements, PCR was used to establish time 
kinetics of post-EBV Ick expression; results were confirmed 
by Northern blots for zero and 3-h exposure times. For PCR, 
primer pairs were constructed to flank a 500-base pair Ick 
gene region (positions 100-600 (21)), Ick cDNA was reverse- 
transcribed from cytoplasmic RNA as described (20), and 
cDNA was amplified in a standard, 28-cycle PCR reaction 
(28). PCR product was gel-separated, blotted, and probed with 
an internal 3a P-end-labeled reporter probe (positions 461- 
481). 

Ick message could barely be amplified and detected in un- 
treated B cells (Fig. ID). Upon EBV exposure, there was a 
rapid induction of Ick mRNA, demonstrable by 10-min (total 
processing time, 15 min) and maximal 3 h after EBV exposure. 
This mRNA was consumed to control levels 12 h after stim- 
ulation. In agreement with findings elsewhere (7), Ick message 
was very faint in Northern blots of untreated cells even after 
several weeks of film exposure, but it was easily detectable 3 
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Fig. 2. Effects of Ick sense- and antisense oligonucleotides on EBV-induced growth transformation. 
Purified B lymphocytes (5 X 10 4 ) were incubated (30 min, 2 fx\i) with oligonucleotides lck l2 \ lck™\ lck m , or Ictf*** 
(see "Materials and Methods"). EBV (10* particles) was then added, and cells were cultured in RPMI 1640 
containing 10% fetal calf serum for 14 days. Ig secretion (A ) was measured by automated particle concentration 
fluorescence immunoassay procedures. EBV-induced cell growth (B) was measured in the same instrument using 
an automated fluorescence technique with the fluorescent dye BCECF for automated counts of viable cells 
generated. Data represent the mean ± 1 S.D. of three experiments. C: top panel, uptake of oligonucleotide into B 
cells. 7 :i *-P-End-labeled oligonucleotide (2 j/M) was incubated with B cells (10 6 , 30 min-8 h, 37 °C) until cells were 
spun through oil. Cells and aliquots of supernatant were counted and plotted as absolute uptake and proportional 
(%) uptake over time. Data represent the mean ± 1 S.D. of three experiments for the oligonucleotide lck** ] . Other 
oligonucleotides including both sense and antisense oligonucleotides show similar uptake kinetics. Bottom panel, 
dose dependence of Ick antisense oligonucleotide effects on EBV-induced Ig secretion. B cells (5 x 10 4 ) were 
incubated with the respective oligonucleotide at the doses shown, infected with EBV as before, cultured (14 days), 
and analyzed for EBV-induced Ig secretion. Results are expressed as % inhibition of oligonculeotide-free control 
versus concentrations of oligonucleotide. Data (mean ± 1 S.D. of three experiments) are shown for lck A&l (antisense) 
and Ick 121 (sense) sequences; results were similar for cell growth measurements with BCECF. 



h after EBV infection. EBV induced no changes of Ick message 
levels in T cells (not shown). The Ick primer pairs chosen 
consistently amplified two sequence species of slightly (<100 
base pairs) different size. We are presently cloning these 
fragments to determine if alternative RNA splicing accounts 
for these two products. 

The induction of tyrosine kinase by EBV is dependent on 
a transmembrane Ca 2 * flux and activation of the Na + /H + 
antiport. Blockade of either event reversibly prevents tyrosine 
phosphorylation and generates nontransforming cells which 
do, however, contain competent virus and viral transcripts 
(16). To evaluate whether the induction of p56** is a by- 
product or an essential, consecutive step after the initial ionic 
activation events, we used Ick sense/antisense oligonucleo- 
tides to manipulate its expression levels in a sequence- specific 
fashion, likely through RNase H-mediated destruction of 
mRNA (29-31). 

Human B cells take up 8-15% of ~20-mer oligonucleotides 
with cytosolic plateau concentrations of 1-3 mm reached with 
2 h of exposure to such concentrations (Fig. 2). B lymphocytes 
were exposed to EBV in the presence of the above sense or 
antisense Ick oligonucleotides and cultured for 14 days. We 
then measured two closely linked (16) indicators of transfor- 
mation: absolute cell growth and Ig production (17, 22, 23). 



EBV-induced cell growth and Ig production were inhibited 
(>70%) by Ick antisense but not sense oligonucleotides (Fig. 
2, A and B). This antisense effect was dose -dependent and 
followed the cellular uptake curve closely (Fig. 2C). B cells 
escaping antisense inhibition proceeded normally toward im- 
mortalization, perhaps due to low level expression of the DNA 
receptor mediating oligonucleotide uptake (33). Control cul- 
tures were stimulated with pokeweed mitogen in the presence 
of T cell help (32) and oligonucleotides. Neither oligonucleo- 
tide affected the mitogen response, indicating that treated B 
cells were functionally unimpaired (not shown). 

Taken together, our observations delineate a critical role 
for P56** in the EBV-directed B cell transformation into 
oncogenic (9, 12-14), immortalized lines. Its timing, and cal- 
cium- and Na + /H + -antiport dependence make Ick superinduc- 
tion perhaps the earliest structural signal for cell entry into a 
growth transformation process that is even early on quite 
distinct from activation pathways utilized by nontransform- 
ing agents (16). The nature and target of the p56 fcfc signal 
remain to be delineated. Since only some but not all EBV- 
transformed lines express p56 fc * (6, 7), 3 it appears that its 
functions are not necessary to sustain the transformed phe- 

3 R. K. Cheung and H.-M. Dosch, unpublished observations. 
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notype once appropriate changes have occurred under Ick 
influence. 
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Src inhibitors: drugs for the treatment of 
osteoporosis, cancer or both? 

Mira Susa, Martin Missbach and Jonathan Green 

Src was one of the first proto-oncogenes to be identified and is a prototype of non-receptor type tyrosine kinases. 
The role of Src in bone metabolism first became apparent in Src-deficient mice and has been confirmed using low- 
molecular-weight Src inhibitors in animal models of osteoporosis. At the cellular level, it is well established that Src 
plays an important role in proliferation, and adhesion and motility. In addition, recent data indicate an involvement of 
Src in cell survival and intracellular trafficking in various specialized cell types. These new findings suggest that Src 
inhibitors might have therapeutic value in the suppression of tumor growth, tumor angiogenesis and bone resorption. 



The protein tyrosine kinase Src is the prototype of a kinase 
family that comprises eight members in vertebrates, namely: 
Src, Fyn, Yes, Fgr, Hck, Lyn, Lck and Blk. In contrast to 
receptor tyrosine kinases, which are integral plasma mem- 
brane proteins, Src belongs to the non-receptor class of tyro- 
sine kinases 1 . Src associates with various intracellular mem- 
branes, where it catalyzes the transfer of phosphate from ATP 
to a tyrosine residue within proteins. Src, the first tyrosine 
kinase to be characterized, was initially identified in the late 
1970s in its viral form (v-Src) as a protein encoded by 
chicken Rous sarcoma virus. The cellular counterpart of 
v-Src, c-Src, is widely expressed in mammalian cells, with 
particularly high concentrations in brain, platelets and bone- 
resorbing osteoclasts. 



The structure of Src and its regulation are well understood as 
a result of both mutational studies and structural models de- 
rived from X-ray crystallography data 2 . The N-terminus has a 
unique sequence but its three-dimensional structure and func- 
tion are poorly defined. Two globular domains, Src homology 
domains 2 and 3 (SH2 and SH3), are adjacent to the N-termi- 
nus, and are involved in protein-protein interactions. The SHI 
domain has tyrosine kinase functionality within a two-lobe 
structure (corresponding to an ATP- and substrate-binding site) 
that is common to other protein kinases. Within the catalytic 
SHI domain, Tyr416 (in chicken c-Src) must be autophospho- 
rylated for maximal activity, whereas the C-terminus (tail) can 
be phosphorylated (Tyr527 in chicken c-Src) and folded back 
onto the SH2 domain to produce an inactive conformation. 



M.fcisa. 

Program Head. 

E-mail: - 

mira.susa_spring@ph 

arma.novartis.com 

M. Missbach. 

Head of Bone 

Metabolism 

Chemistry, 

E-mail: 

martin.missbach® 

pharma.novartis.com 

and 

J. Green, 

Head of the Src 
Program, 

Arthritis and Bone 
Metabolism 
Therapeutic Area, 
Novartis Pharma 
Research, WKL-1 25. 
9.12, CH-4002 Basel. 
Switzerland. 
E-mail: 

jonathan.green© 
pharma.novartis.com 



0165-6147/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved. PII: SO 1 65-6 1 47(00)0 1 567-4 TiPS - December 2000 (Vol. 21) 



489 



REVIEW 



Box 1. Cellular functions of Src 



Many of the known and putative functions of Src (Fig. I) were first 
elucidated in a fibroblast cell culture, which is a generic in vitro cel- 
lular system. In fibroblasts, a role of Src became apparent in both 
receptor-tyrosine-kinase-mediated proliferation and transformation 
of the cell to a tumor phenotype". For example, after binding direcdy 
to the cytoplasmic part of platelet-derived growth factor (PDGF) 
receptor, Src is phosphorylated and activated. Activated Src trans- 
duces a signal via phosphorylation of the adaptor protein She to 
the cascade that involves Ras and the mitogen- activated protein 
kinase (MAPK) family member, extracellular regulated kinase (Erk). 
This induces transcription of the early gene c-myc and increases 
DNA synthesis. In human tumors, Src probably contributes to 
tumor growth in synergy with receptor tyrosine kinases, such as 
c-Met and those of the ErbB family^. ErbB receptors (in breast 
cancer) or interleukin 6 (IL-6) receptors (in multiple myeloma) can 
activate signal transducer and activator of transcription 3 (STAT3) 
via Src and Etk kinase and induce cell transformation, whereas Src 
inhibitors can reverse the transformed cell phenotype'H 

The roles of Src in integrin signaling, cell migration and internal- 
ization (endocytosis) of tyrosine kinase receptors were first elucidated 
in fibroblasts and tumor cell lines& h . Integrin signaling involves Src in 
a complex interplay between Fak and Pyk2 (both of these tyrosine 
kinases are related and also substrates for Src), pi 30 Cas (an adaptor 
protein) and Src substrate, all of which regulate the formation of actin 
stress fibers*. The small GTP-binding protein Rho modulates this 
process and can activate Src (Ref. j). In bone-resorbing osteoclasts, 
Src probably has a role in cell motility (via integrins) and, via Pyk2, in 
the formation of the sealing zone, which is a ring of polymerized actin 
that separates the bone-resorbing ruffled membrane from the extra- 
cellular surroundingsJ (M. Susa et al, unpublished). Through vesicu- 
lar trafficking on the microtubular network k , Src might also influence 
the exocytosis of proteases that are required for bone resorption. 

Furthermore, Src could mediate the survival signal that is 
induced by receptor activator of nuclear factor kB (RANK) and 
involves the adaptor molecule tumor necrosis factor receptor- 
associated factor 6 (TRAF6) and protein kinase B (PKB) 1 . This 
probably results in the inhibition of apoptosis via downstream 
proteases, such as caspase-3. 

Finally, Src is involved in macrophage colony stimulating factor 
(M-CSF)-receptor-mediated proliferation of osteoclast precursors 
and osteoclast spreading" 1 -' 1 . In vascular endothelial cells, Src is 
required for both vascular endothelial growth factor (VEGF)- 
mediated vascular permeability, possibly via vesiculo-vacuolar 
organelles (WOs)°, and VEGF-induced cell survival. 
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Despite the high level of expression of Src in brain and 
platelets, mice that are deficient in Src do not show any 
abnormalities in brain function and blood clotting 3 . Instead, 
the phenotype of these animals is restricted to defective bone 
resorption, which results in excessive bone mass and osteo- 
petrosis. Therefore, interest arose in the potential use of Src 
inhibitors as therapeutic agents for the treatment of osteo- 
porosis, a widespread disease of low bone mass that particu- 
larly affects post-menopausal women 4 . In addition, the fact 
that Src was discovered as an oncogene suggests that Src 
inhibitors could be used as anti-cancer agents 5 . 

Cellular functions of Src 

Cell proliferation and transformation 

Normal growing cells have a tightly regulated cell cycle so 
that proliferation only occurs in response to various growth 



factors. By contrast, many transformed cancer cells have a 
deregulated cell cycle that prevents them from exiting into 
the GO (resting) phase, which results in proliferation occurring 
independently of growth factors. Src associates with several 
growth factor receptor tyrosine kinases and mediates some 
of the signal transduction pathways that lead to cell prolifer- 
ation. One of the best-studied receptor signal transduction 
pathways is that of the platelet-derived growth factor (PDGF) 
receptor 3 (Box 1). 

Activation of Src by growth factor receptors might con- 
tribute to the transformation of the cell to a tumor pheno- 
type (for proposed mechanisms, see Refs 3,5-8). Although 
activation of the PDGF receptor is not strongly linked to 
activation of Src in human tumors, there is a good corre- 
lation between the activation of c-Met and ErbB tyrosine 
kinase receptors and the activation of Src in human tumors 5 * 6 . 
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Fig. I. The known and putative functions of Src in various cell types. Abbreviations: EGFR, epidermal growth factor receptor; Erk, extracellular regulated kinase; 
M-CSFR, macrophage colony stimulating factor receptor; PDGFR, platelet-derived growth factor receptor; PKB, protein kinase B; RANK, receptor activating 
nuclear factor kB; RTKs. receptor tyrosine kinases; STAT3, signal transducer and activator of transcription 3; TRAF6, tumor necrosis factor receptor-associ- 
ated factor 6; VEGFR, vascular endothelial growth factor receptor; WO, vesiculo-vacuolar organelles. 



Furthermore, Src has also been implicated in the estrogen- 
receptor-dependent proliferation of breast cancer cells 9 , 
although the significance of this finding is unclear at present. 

Cell adhesion, migration and chemotaxis 
Cell adhesion and motility in response to specific extra- 
cellular cues are essential events in many physiological and 
pathological processes, such as angiogenesis, inflammation 
and bone resorption. An abundance of data supports a role 
for Src in signal transduction via cell-adhesion receptors 
(integrins), and their molecular mechanisms have been elu- 
cidated (Box l) 3 . Nevertheless, the precise biological role of 
Src in cell adhesion remains elusive. Recent reports 10 ' 11 have 
highlighted the crucial requirement of Src, Fyn, Yes and, 
in particular, Src kinase in cell motility but not in adhesion 
or growth-factor responsiveness, as had been proposed pre- 



viously. Src-dependent cell migration is important for the 
function of many cell types and, within the scope of this 
review, is of particular interest for the motility of osteoclasts 
(during bone resorption) and metastasizing cancer cells 12 * 13 . 
In addition, Src-dependent cell migration might be impor- 
tant for the recruitment of vascular smooth muscle cell pre- 
cursors in response to PDGF produced by endothelial cells 
during blood vessel formation 14 . 

Intracellular trafficking 

Endocytosis is the process by which cells take up extracellu- 
lar molecules, microorganisms or activated receptors from 
the cell surface, whereas exocytosis is the reverse process. 
Transcytosis refers to transport across a polarized cell, such 
as occurs in osteoclasts 15 . Consistent with its association with 
endocytic membranes, Src assists endocytosis of epidermal 
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Table 1. The properties of representative Src inhibitors 8 * 



Mode of action Chemical class Src IC^ (jjlm) Selectivity 

or name (Src versus other) 

Enzyme Cell 



Effect in vivo 



Refs 



Irreversible kinase 

inhibition and 

protein degradation 
Herbimycin A 



Macrocyclic ansamycin 12.00 



NR - -Yes. Fps.Abl, EGFR, 
ErbB2, IGF1R, InsR 
+PKA. PKC. Raf-1 



IL-1 -induced hypercalcemia 22 
44 



SH2 binding 
inhibition 
AP22161 
Urea 5 



Non-peptidic 
Non-peptidic 



0.24 70.0 +Yes,ZAP-70 
7.00 NR NR 



NR 
NR 



23 
25 



Kinase inhibition 
(substrate binding) 
Peptide 29 Peptidic 



0.13 



NR +Lck,Lyn 



NR 



27 



Kinase inhibition 
(ATP binding) 

PP1 Pyrazolopyrimidine 



PD 166285 



Pyridopyrimidine 



0.17 2.0 -Lck.ryn.Hck 
=PDGFR 
+ZAP-70, JAK2 
+EGFR, KDR. FGFR, IGF1R 

0.01 NR =FGFR, PDGFR, EGFR 
+lnsR 
+PKC.cdk-4 



NR 



Decreased tumor growth 



28 
32 
45 



29 



CGP77675 



Pyrrolopyrimidine 



0.02 



0.2 



=Yes, PDGFR 
+Lck,Abl, Fak, Csk 
+EGFR, FGFR, IGF1R, 
KDR, HM 
+cdc2. Erk 



Decreased IL-1 -induced hypercalcemia 
Decreased bone loss 
Decreased loss of trabecular bone 
architecture 



32 
46 



a This table is not a comprehensive list of all Src inhibitors but preferentially includes compounds that fulfill at least one of the following criteria: they are often used, they 
are well characterized and reported in a peer-reviewed journal; they have a novel mechanism of action; or they possess a known in vivo action. Only one representative 
compound for each chemical class is included. The inhibition of Src kinase or SH2 binding with purified reagents or under cell-free conditions are shown under the sub- 
heading 'Enzyme' and the inhibition of Src activity (substrate phosphorylation) or SH2 binding in cells is shown under the subheading 'Cell'. Selectivity against other kinases 
comprises both activities in enzymatic and cellular assays. 

b Abbreviations: EGFR, epidermal growth factor receptor; Erk, extracellular regulated kinase; FGFR, fibroblast growth factor receptor; Flt-1, fms-like tyrosine kinase (vascular 
endothelial growth factor receptor 1); IGF1R, insulin-like growth factor 1 receptor; InsR, insulin receptor IL-1, interleukin 1; JAK2, Janus kinase 2; KDR, kinase domain- 
containing region (vascular endothelial growth factor receptor 2); NR. not reported; PDGFR, platelet-derived growth factor receptor PKA, protein kinase A PKC. protein kinase 
C; higher potency than on Src; =, equal potency as on Src; +, lower potency than on Src. 



growth factor (EGF) receptors in the A431 cancer cell line via 
clathrin-coated vesicles (Box l) 16 . Because Src is highly 
expressed in those cell types that specialize in regulated exo- 
cytosis (e.g. neurons, platelets and osteoclasts) and associates 
with proteins from exocytic vesicles, such as dynamin and 
synapsin 17 , Src probably also influences exocytosis. However, 
the role of Src in transcytosis remains to be determined. 
Another process that is related to trafficking and depends on 
Src is blood vessel hyperpermeability that is induced by vas- 
cular endothelial growth factor (VEGF) 18 . This process occurs 
in tumor vessels partly through the formation of vesiculo- 
vacuolar organelles (WOs) in endothelial cells (Box l) 19 . 

Cell survival 

Factors that stimulate cell survival do so mostly by inhibiting 
the process of apoptosis. A role for Src in promoting cell sur- 
vival in a factor- and cell-specific manner became apparent only 



recently 20 . Two processes that are affected by Src, VEGF- 
induced survival of endothelial cells 18 and the survival of 
osteoclast precursors in response to the ligand of receptor acti- 
vating nuclear factor kB (RANKL) 21 , are related to tumor- 
induced angiogenesis and the formation of osteoclasts (Box 1). 

Src inhibitors as research toots and therapeutic agents 

Inhibition of the cellular functions of Src by low-molecu- 
lar-weight compounds can be achieved at several sites 
within the Src protein, including: (1) protein-protein inter- 
actions between the Src SH2 and SH3 domains and their 
substrates, adaptor proteins or proteins that determine the 
subcellular localization of Src; (2) interaction between pro- 
tein substrates and the substrate-binding site; and (3) ATP 
binding to the ATP-binding site within the tyrosine kinase 
domain of Src. Another approach to inhibiting Src is to 
modulate the synthesis or degradation of Src protein. 
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Natural products 

Several classes of Src inhibitors have been identified from 
natural products. However, Src inhibitors are often not 
selective against other kinases and some act irreversibly. One 
such compound, the macrocyclic ansamycin herbimycin A, 
has been used extensively in vitro and in vivo as a Src inhibitor. 
Herbimycin A is not a potent inhibitor of Src kinase activ- 
ity (Table 1) but can initiate ubiquitin-mediated degradation 
of Src protein in cells, as has been demonstrated for EGF 
and insulin receptor tyrosine kinases 22 (Table 1). The non- 
selectivity of herbimycin A makes such a class of inhibitors 
unsuitable for development as therapeutic agents. 

SH2 and substrate-binding inhibitors 

Potent ligands for the Src SH2 domain that inhibit the in vitro 
interaction between the SH2 domain and peptides have been 
described 4 . Two such compounds (AP22161 and AP22408) 
that contain a peptide bond that connects unnatural amino acids 
or other non-amino acid templates have been profiled in cellu- 
lar systems 23 - 24 , where they showed a marked reduction in po- 
tency (Table 1). This finding needs to be investigated further and 
might be related to compound stability, cellular penetration or 
cellular mechanism of action. The latter compound (AP22408) 
accumulated at the site of action by binding to the bone min- 
eral and was active in an in vivo model of hypercalcemia, albeit 
only following intravenous administration 24 . Src SH2 ligands 
that contain a urea bond instead of a peptide bond are less 
potent 25 (Table 1). These compounds might be more stable 
in vivo but their potential as an effective therapy is currently 
limited by their relatively low potency and the lack of data 
on their selectivity and activity in cells in vivo (Table 1). The 



inhibition of SH3~protein interaction appears to be difficult to 
achieve owing to the shallow, hydrophobic binding surface 26 . 
To date, no non-peptide inhibitors have been reported. 

Protein substrate-based inhibitors have the potential for 
high specificity because protein substrates are divergent and 
need not compete with high intracellular ATP concen- 
trations. Such inhibitors have been reported recently but no 
data are available relating to their activity in either cells or 
animal models (Table l) 27 . 

Kinase inhibitors 

In terms of selectivity, cellular potency and possible therapeu- 
tic application, Src kinase inhibitors have emerged as the most 
successful therapeutic agents to date. Several classes of low- 
molecular-weight compounds that are ATP-competitive in- 
hibitors of Src-mediated tyrosine phosphorylation have been 
reported 4 ' 13 ' 28 -" 30 (Tables 1,2). Some Src kinase inhibitors 
even achieve a moderate to high selectivity within the Src 
family 28 - 31 - 32 (Table 2). Selectivity within the Src family is im- 
portant because this avoids possible interference with immune 
responses (Lck, Lyn, Hck, Fgr and Blk are preferentially ex- 
pressed in hematopoietic cells 1 ) and proliferation in general 
(Src, Fyn and Yes share a role in proliferation 3 ). Unfortunately, 
there are no data yet available on the cellular activity and se- 
lectivity against kinases that are not within the Src family for 
Src inhibitors that are highly selective against Fyn, Lyn and Lck 
(Ref. 31). The IC 50 values for the inhibition of Src and other 
kinases by Src kinase inhibitors are shown in Table 2. The effi- 
cacy of these compounds in vitro depends not only on their 
selectivity, but also on the degree of cell penetration. In vivo, 
their pharmacokinetics and toxicity will undoubtedly be 



Table 2. In vitro selectivity of most potent Src kinase inhibitors 8 



Compound 






IC M values (|xm) for various protein kinase classes' 1 




Refs 




Src 


Src family 


Non-receptor PTK 


Receptor PTK 


Ser/Thr kinase 


Cellular Src 




PP1 


0.17 


Lck. 0.01 
Fyn, 0.01 
Hck, 0.02 


JAK2, >50 
ZAP-70,>100 


PDGFR, 0.1 
EGFR', > 10.0 
KDR. >10.0 
FGFR',>10.0 
IGF» f >lb.0* 


NR 


2.0' 


28,32,45 


PD1 16285 


0.01 


NR 


NR 


FGFR, 0.04 
EGFR, 0.09 
PDGFR, 0.10 
InsR, >50.00 


PKC22.7 
cdk-4, >50.0 


NR 


29 


CGP77675 


0.02 


Yes, 0.01 
Lck, 0.29 


Abl. 0.31 
Fak,>1.00 
Csk, 5.70 


PDGFR. <0.3 
KDR, 1.0 
FIM ( >1.0 
EGFR C , >2.0 
FGFR C , >2.0 
IGFRc. >2.0 


Cdc2, >10.0 
Erk<, >2.0 


0.2c 


32,46 


[90273, n=2] 


0.06 


Fyn, 5.0 
Lyn, 13.0 
Lck, >250.0 


NR 


NR 


NR 


NR 


31 



Abbreviations: EGFR, epidermal growth factor receptor; Erk, extracellular regulated kinase; FGFR, fibroblast growth factor receptor; 1GFR, insulin-like growth factor receptor; 
InsR. insulin receptor; JAK2, Janus kinase 2; KDR, kinase domain-containing region (vascular endothelial growth factor receptor 2); NR, not reported; PDGFR, platelet-derived 
growth factor receptor; PKC, protein kinase C; PTK, protein tyrosine kinase. 

Within each class, the kinases are sorted according to the increasing IC^ values. The assays were done in cell-free systems, except when indicated (denotes cellular 
assays}. Where lower than 0.01. the numbers were rounded to two decimal places, 
inhibition at 0.3 \lm, stimulation at >1 \i,m. 
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Fig. 1. Binding mode for an Src inhibitor at the ATP-binding site within the kinase domain of human Src. 
The Src kinase domain illustrated was modeled from the Hck structure 33 . This Src inhibitor (CGP77675) be- 
longs to the 5,7Kiiphenyl-pyrrolo[2,3tfl pyrimidine series. The compound is shown in ball-and-stick mode, 
whereas the amino acids surrounding the ATP-binding site are represented in surface mode (red, negative 
charge; blue, positive charge). The amino acids that contribute to hydrogen bond interactions with the com- 
pound are shown in ball-and-stick mode (yellow). C6P77675 exhibits the characteristics of a typical tyrosine 
kinase inhibitor (e.g. hydrogen bond donor-acceptor pairs to the backbone of the enzyme and an important 
interaction between the 5-methoxyphenyl substituent and the hydrophobic region not occupied by ATP). 




Intact Ovariectomized Ovariectomized, 

treated with inhibitor 



trends in Pharmacological Sciences 

Fig. 2. The effect of CGP77675 on bone architecture in rat vertebrae. Ovariectomized rats were treated 
orally with the Src inhibitor CGP77675 (50 mg kg- 1 twice a day for six weeks). Vertebral bone was 
analyzed with high-resolution microtomography and the three-dimensional structure reconstructed. 
Ovariectomy of rats causes estrogen depletion and induces loss of vertebral trabecular bone, mimick- 
ing the hormone changes and bone loss that are observed in post-menopausal women. Treatment with 
CGP77675 partially preserves bone architecture (as illustrated) and bone mass (not shown). Repro- 
duced, with permission, from Ref. 32. 

important. Although Src inhibitors with absolute specificity 
are not yet available, the compounds that are currently avail- 
able are useful tools for elucidating the role of Src in cells 
and whole organisms. 

Binding mode 

We used the X-ray crystal structures of human Hck (a Src 
family member) 33 to generate a model of the binding mode 
of Src and a Src kinase inhibitor from the pyrrolopyrimidine 
series (Fig. 1). The crystal structure data for Src bound to this 
inhibitor exhibit a similar binding mode (M. Eck, pers. 
commun.). These experimental data and further models 
should facilitate the design of more specific compounds with 
fewer side-effects in vivo. 

In conclusion, Src kinase inhibitors from the pyrrolopy- 
rimidine series are currently the only reported compounds 
that are well characterized, potent, reversible, relatively 
selective and exhibit sufficient oral bioavailability for appli- 
cation in long-term in vivo models 32 . 



Inhibition of bone resorption 

The importance of Src for bone resorption is well recognized. 
However, the exact molecular mechanisms through which Src 
regulates osteoclast-mediated bone resorption remain poorly 
understood. The initial observation that Src-deficient mice 
developed osteopetrosis generated a new direction for re- 
search into bone biology. Subsequently, several studies con- 
cluded that the defect in Src-deficient mice is localized to the 
bone-resorbing cells, called osteoclasts, and is associated with 
the absence of the 'ruffled border* (the part of the plasma 
membrane facing the bone surface, which is active in vesicular 
transport 13 ). However, a recent report indicates that bone- 
forming cells, the osteoblasts, might also be affected because 
their activity appears to be increased in Src-deficient mice 34 . 

At the molecular level, the function of Src in osteoclasts has 
been studied using several approaches, including biochemical 
(the search for relevant substrates), genetic (transgenic and 
knockout mice) and cell biology (role in osteoclast adhesion) 
methods. To date, two Src substrates appear to be relevant to 
osteoclasts, namely c-Cbl, an adaptor protein that is thought to 
negatively regulate signaling by tyrosine kinases 35 and Pyk2, a 
tyrosine kinase that is upregulated during osteoclast differenti- 
ation, is involved in osteoclast adhesion and can be indirectly 
inhibited by a Src inhibitor 36 * 37 (M. Susa et al, unpublished). 
A role for Pyk2 in osteoclasts is supported by recent obser- 
vations that Pyk2-deficient mice exhibit mild osteopetrosis 38 . 
In contrast to these findings, which indicate a role for the 
kinase activity of Src, a study of transgenic mice with inactive 
Src kinase crossed with Src-deficient mice suggested that the 
kinase activity of Src plays a minor role in osteoclast resorp- 
tion 13 . However, a major role of the kinase domain in vitro and 
in vivo is again reinforced by a study in which a Src inhibitor 
from the pyrrolopyrimidine series was used 32 . Moreover, this 
study indicated that inhibition of Src with a low-molecular- 
weight compound in an animal model of osteoporosis is a 
feasible therapeutic principle for treating this disease (Fig. 2). 

Thus, the above-mentioned studies identified reduced 
osteoclastic activity as the mechanism of action of Src 
inhibitors. However, recent data indicate that Src inhibitors 
might also affect RANKL-mediated osteoclast survival 21 and 
osteoclast formation (A. Teti, pets, commun.). 

Inhibition of tumor growth and metastases 

Both the involvement of Src in human cancers and the possible 
sites for therapeutic intervention have been reviewed in detail 
elsewhere 3 ' 5 - 13 and are briefly summarized below. Src has been 
implicated in the growth and proliferation of cells that can be in- 
duced by several receptor tyrosine kinases 3 . The correlation be- 
tween elevated Src expression (or activity) and tumor growth is 
greatest for ErbB2 and c-Met receptors and for colon, breast and 
lung cancers 5 - 6 ' 39 ' 40 . In addition, several other types of tumor 
(e.g. pancreas, liver, esophagus and bladder) might involve Src 
and a Src mutation has been identified in human colon cancer 41 . 

Lung, liver and bone are the three most frequent sites for 
cancer metastases. For metastases to occur, tumor cells need to 
dissociate from one another, migrate from the site of the pri- 
mary tumor, penetrate the vasculature and attach to and grow 
in a distant metastatic site. Once a metastatic site is established, 
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angiogenesis is essential for tumor growth. One or more of 
these processes could be suppressed by Src inhibitors 13 . Indeed, 
substantial evidence supports the involvement of Src in these 
processes. (1) The phosphorylation of the Src substrate Fak cor- 
relates with invasiveness of a prostate carcinoma cell line 13 . 
(2) The abnormal expression of the cadherin-/Src-associated 
substrate of 120 kDa (pi 20 Cas) correlates with poor survival 
in patients with colon and bladder cancer 42 * 43 . (3) Src might be 
involved in VEGF-induced angiogenesis 18 * 40 . Clearly, the pic- 
ture is far from complete, but the identification of inhibitors 
of the Src family that are both potent and selective and that 
have suitable pharmacokinetic properties should enable the role 
of Src in tumor growth and metastases to be investigated. 

Concluding remarks 

Although Src has been extensively studied and understood 
at the molecular level for two decades, Src inhibitors that are 
potent, selective and bioavailable have only recently been 
identified. Such Src family inhibitors are effective in reduc- 
ing bone loss in animal models of osteoporosis and, based on 
cellular studies, have the potential for the treatment of some 
cancers, particularly of their bone metastases. 
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Chemical names 



AP22161: 4-[(S)-2-acetylamino-2-(3-carbamoyl-2-cyclohexyl- 
meth oxy-6 ,7 , 8 , 9-tetrahydro-5H-benzocyclohepten-5-ylcar- 
bamoyl)-ethyl]-2-formyl-benzoic acid 

AP22408: {4-[(5)-2-acetylamino-2-(3-carbamoyl-2-cyclohexyl- 
methoxy-6,7,8,9-tetrahydro-5H-benzocyclohepten-5-ylcar- 
bamoy 1) -ethyl] -2-phosph ono-phenyl } -ph osphonic acid 

CGP77675: l-(2-{4-(4-amino-5-(3-methoxy-phenyl)- 

pyrrolol2,3-%yrimidin-7-yl]-phenyl}-ethyl)-piperidin-4-ol 

PD1 16285 : 6-(2,6-dicWoro-phenyl)-2-[4-(2-diethylamino-ethoxy)- 
phenylaminoJ-8-methyl-8H-pyrido[2,3-</]pyrimidin-7-one 
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ABSTRACT 

The proto-oncogene, c-src, has been implicated in the tumorigenesis in 
breast cancer. However, the relationship of c-src with distant metastasis is 
unclear. Moreover, the role of c-src in organ-preferential metastasis of 
breast cancer is unknown. Because breast cancer has a strong predilection 
for metastasizing to bone, we examined the role of c-src in bone metastases 
using an animal model in which inoculation of the MDA-231 human 
breast cancer ceils into the left cardiac ventricle preferentially developed 
osteolytic bone metastases in female nude mice. A clone of the MDA-231 
with the increased capacity of bone metastasis exhibited elevated c-src 
tyrosine kinase (TK) activity compared with parental cells. MDAsrc527 
cells caused significantly increased size of the osteolytic bone metastases 
with increased number of osteoclasts and mitotic cancer cells compared 
with MDA-231EV or MDAsrcWT. In contrast, MDAsrc295 cells caused 
impaired metastases to bone. Of note, mice inoculated with MDAsrc295 
cells via tail vein developed reduced lung metastases and prolonged sur- 
vival compared with mice with MDA-231EV cells, suggesting that c-src 
TK is unlikely to play a specific role in bone metastases. The growth in 
vitro and in vivo and production of parathyroid hormone-related protein, 
a key cytokine in the pathogenesis of osteolytic bone metastases in breast 
cancer, were promoted in MDAsrc527 and diminished in MDAsrc295. 
These results suggest that c-src TK is associated with the capacity of 
breast cancer to metastasize to bone through regulating cell growth and 
parathyroid hormone-related protein production. Our results together 
with the fact that c-src is an essential molecule for bone resorption by 
osteoclasts, which are central players in osteolytic bone metastases, sup- 
port the notion that c-src TK is a potential target molecule for designing 
novel therapeutic interventions, especially for bone metastases in breast 
cancer. 



INTRODUCTION 

The proto-oncogene c-src is the cellular homologue of v-src that 
was initially found in the Rous sarcoma virus that induces tumors in 
chickens and transformation in a variety of mammalian cells (1, 2). 
c-src encodes an M T 60,000 cytoplasmic protein with intrinsic TK 3 
activity. It consists of an NH 2 terminus-containing myristylation site 
for the binding to inner cell membrane, nonconserved unique domain 
for each src family member, a SH3 domain that binds to proline-rich 
sequences, a SH2 domain that binds to phosphotyrosine, a TK do- 
main, and a short COOH-terminal tail in its primary structure (1, 3, 4). 
In chicken c-src, there are one lysine residue at 295, one tyrosine 



Received 9/19/02; revised 5/29/03; accepted 6/10/03. 

The costs of publication of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked advertisement in accordance with 
18 U.S.C. Section 1734 solely to indicate this fact. 

1 Supported by N1H Grants PO1-CA40035, R01-AR28149, and R01-DK45229 and 
grants from the Ministry of Health, Labour and Welfare and Ministry of Education, 
Culture, Sports, Science and Technology, Japan. 

2 To whom requests for reprints should be addressed, at The University of Texas 
Health Science Center at San Antonio, Department of Medicine, Division of Endocrinol- 
ogy and Metabolism, 7703 Floyd Curl Drive, San Antonio, TX 78229-3900. Phone: 
(210)567-4900; Fax: (210)567-6693; E-mail: yoneda@uthscsa.edu. 

3 The abbreviations used are: TK, tyrosine kinase; EV, empty vector; WT, wild-type; 
TBS, Tris-buffered saline; PTH-rP, parathyroid hormone-related protein; IRMA, immu- 
noradiometric assay; MAP, mitogen-activated protein. 



residue at 416 in the kinase domain, and one tyrosine residue at 527 
in the COOH-terminal tail, all of which play critical roles in the 
regulation of c-src TK activity. Lysine 295 is the binding site for ATP 
that is the source of phosphates necessary for phosphorylation of 
c-src, tyrosine 416 is the autophosphorylation site, and tyrosine 527 is 
the negatively regulatory phosphorylation site of c-src TK activity (1, 
3, 4). Point mutation of these sites markedly changes c-src TK 
activity. 

Recent human and animal studies suggest the association between 
c-src TK and the development, progression, and metastasis of breast 
cancer (5-1 1). It is demonstrated that c-src TK activity is profoundly 
increased in human breast cancer tissues compared with benign breast 
tumors or adjacent normal breast tissues (5-7, 1 1) and that elevated 
c-src TK activity is correlated with poor metastasis-free survival (8). 
Transgenic mice with polyoma middle T antigen under the control of 
mouse mammary tumor virus promoter were found to develop highly 
metastatic mammary tumors with increased c-src TK activity (9). 
Moreover, when these mice were cross-bred with c-src-deficient mice, 
the resulting chimeric mice no longer developed mammary tumors 
(9). In addition, it is described that mice overexpressing the neu 
oncogene develop highly metastatic mammary tumors with elevated 
c-src TK activity (10). Taken together, these results strongly indicate 
that the c-src TK plays an important role in the development and 
progression of breast cancer. However, the relationship of c-src TK in 
distant metastasis of breast cancer is still largely unknown. In addi- 
tion, whether c-src TK contributes to the organ preference of breast 
cancer metastasis is unknown. It has been long and widely recognized 
that breast cancer has a strong predilection for metastasizing to bone 
(12). Here, we investigated the role of c-src TK in the development of 
bone metastases in breast cancer using a we 11 -characterized animal 
model of experimental bone metastasis (13-17). We introduced WT 
chicken c-src and its mutants that exhibit different levels of TK 
activity into the MDA-231 human breast cancer cells and examined 
the ability of these transfected MDA-231 cells to develop bone 
metastases. We also examined whether the manipulation of c-src TK 
activity affects lung metastasis of MDA-231 cells using a different 
animal model. Our results show that MDA-23 1 cells overexpressing a 
constitutively active c-src TK develop increased osteolytic bone me- 
tastases. In contrast, MDA-231 cells with a kinase-dead c-src TK 
caused reduced bone metastases compared with control MDA-231 
cells. Furthermore, mice inoculated with MDA-231 cells with a 
kinase-dead c-src developed diminished lung metastases and exhib- 
ited prolonged survival. These results demonstrate that the c-src TK 
activity modulates the capacity of MDA-231 cells to spread to distant 
organs, including bone and lung. 

MATERIALS AND METHODS 

Antibodies and TK Inhibitors. Antibodies to v-src were purchased from 
Upstate Biotechnology (Lake Placid, NY), Quality Biotech (Camden, NJ; 
residues 2-17), and Calbiochem (San Diego, CA; Ab-1, clone 327). Anti- 
0-actin antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, 
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CA). Antiphosphotyrosine antibody was described previously (18). Herbimy- 
cin A and tyrphostin were purchased from Life Technologies, Inc. (Rockville, 
MD). 

MDA-MB-231 Human Breast Cancer Cells. The estrogen- independent 
human breast cancer cell line MDA-23 1 (American Type Culture Collection, 
Rockville, MD) was cultured in DMEM (Life Technologies, Inc.) supple- 
mented with 10% fetal bovine serum (Hyclone Laboratories, Logan, UT). A 
bone-seeking clone of MDA-23 1 cells (MDA-23 1 BO cells) was established as 
described (19). All cells were routinely tested for Mycoplasma contamination. 

c-src Plasmids. Plasmids containing chicken c-src gene and its mutants 
were kind gifts from Dr. David Shalloway (20, 21). It is shown that chicken 
c-src is >95% homologous to human c-src at amino acid levels, that the 295 
ATP-binding site and 527 tyrosine phosphorylation site are well conserved 
between chicken and human, and that an introduction of chicken c-src into 
human cells causes expected effects (1-4). The plasmid pM5HHB5 encoding 
the c-DNA for WT chicken c-src was inserted into an expression vector pEVX. 
The plasmid, pcR295, has the cDNA encoding the c-src with a point mutation 
at the ATP-binding site (lys295 to Arg295). This mutation was shown to cause 
complete loss of c-src TK activity and inhibit endogenous c-src TK in a 
dominant-negative fashion in chicken embryo fibroblasts (22). The plasmid 
pcsrc527 contains the c-src gene with a point mutation at the COOH-terminal 
inhibitory residue (Tyr527 to Phe527), resulting in a constitutive activation of 
c-src TK (18, 23, 24) by causing a conformational change (25-27). 

Transfection. Transfection of MDA-23 1 cells was performed using Lipo- 
fectAMINE (Life Technologies, Inc.) with cotransfection of pSVneo2 vector 
containing the neomycin resistant gene in the presence of G-418 (0.75 mg/ml). 

Immunoblotting and Immunoprecipitation. Cell lysates were prepared, 
and immunoblotting and immunoprecipitation were performed as described 
(18). In brief, the lysates were separated on 7.5% SDS-polyacrylamide gel and 
transferred onto nitrocellulose membrane. The membranes were blocked with 
50 mg/ml BSA (Sigma, St. Louis, MO) in TBS (pH 7.4, 10 mM Tris-Cl and 150 
mM NaCl) for 2 h at room temperature, incubated with a primary antibody in 
BSA-TBS for 2 h, washed with TBS containing 0.1% Triton X-100, and 
incubated with horse radish peroxidase-conjugated antimouse IgG (Cappel, 
Durham, NC) or horse radish peroxidase-conjugated protein A (Kirkegaard & 
Perry Laboratories, Gaithersburg, MD) in 50 mg/ml dry milk-TBS for 1 h. The 
signals were visualized with enhanced chemiluminescence detection system 
(DuPont NEN, Boston, MA). 

For immunoprecipitation, the cell lysates were incubated with antibodies for 
4 h at 4°C, precipitated with protein G-agarose (Boehringer Mannheim, Indi- 
anapolis, IN), separated by SDS-PAGE, transferred to nitrocellulose mem- 
brane, and immunoblotted with corresponding antibodies. 

In Vitro Kinase Assay, c-src protein in the cell lysates was immunopre- 
cipitated using anti-src antibody (residues 2-17) and protein G agarose (Boeh- 
ringer Mannheim). Because the expression level of the c-src protein varied in 
each clone, the starting amounts of the cell lysates were adjusted according to 
the expression level of the c-src protein to include the same amounts of the 
c-src protein in the reaction mixture. The immunocomplexes were incubated 
with 5 /utg of acid-denatured rabbit muscle enolase (Boehringer Mannheim) 
and 1 /xl of 1.7 /im [y- 32 P]ATP (6000 Ci/mmol; DuPont NEN) for 5 min at 
30°C in kinase reaction buffer containing 10 mM Tris (pH 7.4), 5 mM MnCl 2 , 
100 jllm sodium orthovanadate, and 1 yM unlabeled ATP as described (28). 
Samples were separated by SDS-PAGE and visualized by autoradiography. 
Radioactivity of [ 32 P]enolase in excised bands was determined by scintilla- 
tion counting. Data were expressed as proportions to the radioactivity of 
[ 32 P]enolase for MDA-23 1 EV cells, which represent relative activities of c-src 
TK per unit c-src protein. 

Anchorage-independent Growth in Soft Agar. Anchorage-independent 
growth of the transfectants was determined by colony formation in soft agar as 
described (14). Colonies > 200 /xm in diameter were manually counted under 
an inverted microscope. 

PTH-rP Assay. PTH-rP concentration in the serum-free, 48-h conditioned 
media of MDA-23 1 cells was measured using a two-site IRMA (Nichols 
Institute, San Juan Capistrano, CA) that uses two polyclonal antibodies spe- 
cific for the NH 2 -terminal-( 1-40) and -(60-72) portions of PTH-rP. Data were 
normalized for cell number and analyzed using Prism (GraphPAD Software for 
Science, San Diego, CA) on an IBM-compatible computer. 

PTH-rP Promoter Activity. Cells were transiently transfected with a 
reporter construct consisting of the PTH-rP promoter hooked with the firefly 



luciferase gene. Luciferase enzymatic activity was measured by Luciferase 
Assay System (Promega, Madison, WI) using luminometer (Turner Designs 
Luminometer Model TD-20/20; Promega). Data were corrected with cell 
number at the end of culture period or protein concentration of the lysates. 

Orthotopic Tumor Formation. MDA-23 1 cells (3 X 10 6 cells) in 0.1 ml 
of 50% Matrigel (Collaborative Research, Bedford, MA) in PBS were inocu- 
lated into the mammary fat pad of 5-week-old female Fox CHASE C.B-17/ 
Icr-scid Jcl mice (Clea Japan, Tokyo, Japan). Tumors formed were excised and 
weighed at 3 weeks. 

Bone Metastasis. Intracardiac injection was performed according to the 
technique described previously (13-17). Quantitative assessment for osteolytic 
bone metastases was described previously (13-17). Radiographs were care- 
fully evaluated for the area of osteolytic bone metastases in long bones of 
hindlimbs by three individuals (P. J. W., T. Y., Mark Dallas) who had no 
information about the experimental design using a computer-assisted Jandal 
Video Analysis image analysis system (Jandal Scientific, Corte Madera, CA) 
as described (15). 

The experiment was conducted twice using a different transfectant in 
each of the experiments (6 mice for each group/experiment for MDAsrcWT, 8 
mice for each group/experiment for MDAsrc527, and 9 mice for each 
group/experiment for MDAsrc295). Total animal numbers for each group for 
MDAsrcWT, MDAsrc527, and MDAsrc295 were 6 mice X two transfec- 
tants = 12 mice, 8 mice X two transfectants = 16 mice, and 9 mice X two 
transfectants = 18 mice, respectively. 

Lung Metastasis. MDA-23 1 cells (I X 10 6 cells/mouse) were inoculated 
via the lateral tail vein of 5-week-old, female Fox CHASE C.B-17/Icr-scid Jcl 
mice (Clea Japan). Lungs were harvested 7 weeks after tumor cell inoculation, 
fixed, and stained with Bouin's solution, and the number of metastatic foci was 
counted as described previously (29). 

Histology and Determination of Mitotic Index. Hindlimbs were fixed 
with 10% natural buffered formalin for 48 h, decalcified in EDTA (pH 7.2) for 
2 weeks, and processed for conventional paraffin-embedded H&E staining. 
Mitotic index was determined by manually counting mitotic figures in 10 
randomly selected high-power fields of the metastatic tumors in bone on 
histological sections. 

Statistical Analysis. All results are expressed as the mean ± SE. Data were 
analyzed by Student's t test or repeated measures ANOVA followed by 
Tukey-Kramer post test. Survival curves were estimated by Kaplan-Meier 
method, and the difference was analyzed by generalized Wilcoxon test. Ps of 
<0.05 were considered significant. 



RESULTS 

Relationship between the Capacity of Bone Metastasis and c-src 
TK Activity in MDA-231 Cells. To examine the relationship be- 
tween c-src TK activity and the capacity of bone metastasis, we 
compared c-src TK activity between parental MDA-23 1 cells (MDA- 
23 IP) and a clone of MDA-231 cells, which show increased capacity 
of bone metastasis (MDA-231 BO; Ref. 19). Western analysis dem- 
onstrated that the MDA-231 BO cells expressed elevated c-src protein 
(Fig. la) and tyrosine phosphorylation of c-src (Fig. lb, bottom) and 
several unidentified cellular proteins (Fig. lb, top) compared with 
MDA-23 IP cells. Moreover, c-src kinase activity was also higher in 
MDA-231BO than MDA-231P cells (Fig. lc). These results suggest 
that c-src TK activity correlates with the capacity of bone metastasis 
of MDA-231 cells. 

c-src TK Activity and Bone Metastasis in MDA-231 Cells. To 
investigate the effects of c-src TK activity on the development of bone 
metastases in MDA-23 1 cells, we examined the capacity bone metas- 
tasis of MDA-231 cells that were stably transfected with EV, WT 
c-src (pM5HHB5), kinase-dead c-src (pcR295), and constitutively 
active c-src (pcsrc527). These transfectants were found to stably 
overexpress WT, kinase-dead, and constitutively active c-src, respec- 
tively (Fig. 2a) and designated as MDAsrcWT, MDAsrc295, and 
MDAsrc527, respectively. In vitro kinase assays demonstrated that 
kinase activity in MDAsrcWT was higher than MDA-23 1 EV (Fig. 2, 
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Fig. 1. c-src TK activity in parental MDA-231 cells (MDA-231P cells) and a MDA- 
231 clone with increased capacity of bone metastasis (MDA-231 BO cells), a, Western 
blot analysis on whole cell lysates of MDA-231P and MDA-231 BO cells using anti-v-src 
antibody (clone 327, top) and anti-/3-actin antibody {bottom). Expression levels of c-src 
and /3-actin protein were semiquantified using an image analyzer, and the ratio of 
c-src :/3-actin was calculated. The number shown is calculated by dividing c-src (BO) by 
c-src (P). b, tyrosine-phosphorylation of cellular proteins in whole cell lysates (top) and 
auto-phosphorylation of immunoprecipitated c-src (bottom) in MDA-231 P and MDA- 
231 BO cells using antiphosphotyrosine antibody, c. in vitro kinase assay. Immunopre- 
cipitated endogenous c-src from lysates of MDA-231 cells and enolase was used as a 
source of c-Src TK and a substrate, respectively. Top band, auto-phosphorylation of c-src; 
bottom band, TK activity of c-src on enolase. 
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Fig. 2. Establishment of MDA-231 cells overexpressing c-src with different kinase 
activity, a, Western blotting for c-src using an anti-v-src antibody (clone 327, 1:400 
dilution) in the cell lysates of MDA-231 EV, MDAsrcWT, MDAsrc295, or MDAsrc527. 
b, in vitro kinase assay. The lysates of c-src-transfected MDA-231 cells immunoprecipi- 
tated with an anti-v-src antibody (residues 2-17) and enolase were used as a source of 
c-Src TK and a substrate, respectively. Top band, auto-phosphorylation of c-src; bottom 
band, TK activity of c-src on enolase. r, specific activity of c-src kinase. The bottom 
bands shown in b were excised and measured for their radioactivity in a scintillation 
counter. Values on Y axis are relative radioactivity to that of MDA-231 EV cells. 



b and c). On the other hand, MDAsrc527 showed markedly higher 
kinase activity than others, and kinase activity in MDAsrc295 was 
abolished (Fig. 2, b and c). 

We then studied MDA-231 EV, two clones of MDAsrcWT (A and 
B), two clones of MDAsrc527 (A and B), and two clones of 
MDAsrc295 (A and B) for the capacity to develop bone metastases 
using a well-characterized animal model (13-17). As shown in Fig. 3, 
a and b, MDAsrc527 (A) developed increased size of osteolytic bone 
metastases compared with MDA-231 EV cells and MDAsrcWT (A) 
cells on radiographs. Quantification of these osteolytic lesions using 



computerized image analysis system revealed that the area of osteo- 
lytic lesion was significantly greater in mice inoculated with 
MDAsrc527 (A) cells than mice inoculated with MDA-231 EV or 
MDAsrcWT (A) and (B) cells (Fig. 3b). MDAsrc527 (B) also devel- 
oped larger bone metastases. In contrast, mice inoculated with 
MDAsrc295 (A and B) cells developed significantly smaller osteo- 
lytic bone metastases than mice inoculated with MDA-231 EV cells 
(Fig. 3, a and b). 

Histological examination revealed MDAsrcWT colonization in 
bone with osteoclastic bone resorption (Fig. 4, a and d). MDA-src295 
developed markedly reduced tumor in bone (Fig. 4, b and e). In 
contrast, MDAsrc527 caused profoundly increased bone metastases 
with increased number and size of osteoclasts (Fig. 4, c and j). 
MDA-231 EV developed equivalent bone metastases to MDAsrcWT 
(data not shown). These data demonstrate that elevated c-src TK 
activity promotes the development of osteolytic bone metastases of 
MDA-231 cells and that decreased c-src TK activity impairs bone 
metastases of MDA-23 1 cells. The results are consistent with a notion 
that c-src TK modulates the capacity of breast cancer colonization in 
bone. 
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Fig. 3. c-src TK activity and osteolytic bone metastases, a, radiographs of hindlimbs of 
mice bearing MDA-231 EV, MDAsrcWT, MDAsrc527, and MDAsrc295 tumors that were 
taken 28 days after intracardiac inoculation of 1 X 10 5 tumor cells. Osteolytic metastases 
are indicated by arrowheads, b, quantitative measurement of the area of the osteolytic 
lesions on radiographs shown in a using a computerized image analyzer. Two different 
transfectants (A and B) from each group were tested. The experiment was conducted 
twice, and the results of two experiments were combined. The numbers of animals were 
20, 6, 6, 8, 8, 9, and 9 for MDA-23 1EV, MDAsrcWT (A), MDAsrcWT (B), MDAsrc527 
(A), MDAsrc527 (B), MDAsrc295 (A), and MDAsrc295 (B), respectively. Values repre- 
sent mean ± SE. *, P < 0.05 versus other groups. 
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Fig. 4. Histological pictures of bone metastases. 
Histological sections were made using proximal 
tibial midsection of mice bearing MDAsrcWT (a 
and d), MDAsrc295 (b and e), and MDAsrc527 (c 
and/) tumors. Lower (a-c) and higher (d-f) mag- 
nification. Tumor (T) occupies the marrow cavity 
and replaces normal cellular elements and bone 
trabeculae of metaphysis with osteoclastic bone 
resorption in mouse bearing MDAsrcWT (a and d). 
Note the destruction of cortical wall and extraskel- 
etal extension of the tumor (c). On the tumor bone 
interface in the mouse bearing MDAsrc527 (/), 
numerous large bone-resorbing osteoclasts {arrow- 
heads) are seen. Arrows, mitotic cells. 




c-src TK Activity and Lung Metastasis. To examine whether 
c-src TK specifically affects bone metastases, the capacity of 
MDAsrc295 cells to spread to lung after tail vein inoculation was 
assessed compared with MDA-231EV cells. We found that lung 
metastases of MDAsrc295 were significantly decreased (Fig. 5a). As 
a consequence of this, survival of mice bearing MDAsrc295 cells was 
significantly prolonged (Fig. 5b). Thus, c-src TK affects not only bone 
metastases but also lung metastases. 

Effects of c-src TK on MDA-231 Cell Growth in Vivo and in 
Vitro. Because c-src plays a critical role in cell growth (30), we next 
examined the effects of c-src TK on the growth of MDA-231 cells 
metastasized in bone by manually counting the number of mitotic 
cells on the histological sections. Mitotic index in MDAsrc527 cells in 
bone was significantly greater than MDA-231 EV, MDAsrcWT, and 
MDAsrc295 cells (Fig. 6a). Consistent with these results, MDAsrc527 
cells exhibited larger tumor formation than MDAsrcEV in the ortho- 
topic mammary fat pad (Fig. 6b). 

We subsequently determined the relationship between the c-src TK 
activity and anchorage-independent growth in MDA-231 cells by 
assessing for the colony formation in soft agar. Colony formation of 
MDAsrc527 cells was significantly greater than other src-transfected 
MDA-231 cells (Fig. 6c). Collectively, these data show that elevated 
c-src TK activity promotes MDA-23 1 cell growth in vitro and in vivo. 

PTH-rP Production in c-src-transfected MDA-231 Cells. We 
have reported that overexpression of PTH-rP cDNA increased osteo- 
lytic bone metastases and a neutralizing antibody against PTH-rP- 
inhibited bone metastases in MDA-231 cells in the same animal 
model of metastasis as described here (15, 17). In addition, it was also 
reported that v-src-transfected fibroblasts produced increased levels of 
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Fig. 6. c-src TK activity and MDA-231 cell growth, a, mitotic index in metastatic 
MDA-231 cells in bone. There are numeral mitotic cells in metastatic tumors in bone (Fig. 
4, arrows). Mitotic indices were measured by counting mitotic figures in 10 high-power 
(X400) fields in respective tumors. Data represent mean ± SE (n - 5). *, P < 0.001 
versus other groups, b, tumorigenicity of MDA-231 cells in the mammary fat pad. 
MDA-231 cells (3 X 10 6 ) in 0.1 ml of 50% Matrigel were inoculated into the mammary 
fat pad in 5-week-oId female C.B-17/lcr-ir/t/Jcl mice. Three weeks after cell inoculation, 
tumors formed were excised and weighed. Data represent the mean ± SE (/i = 3). *, 
P < 0.05 versus MDAsrc295. c, anchorage-independent growth of MDA-231 cells. 
Five-hundred MDA-231 cells suspended in 0.45% agarose gel were inoculated onto 
35-mm dishes and grown for 2 weeks. Colonies > 200 fim in diameter were manually 
counted under an inverted microscope. Data represent the mean ± SE (n = 6) from two 
separate experiments using different trans fee tants. *, P < 0.001 versus other groups. 
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Fig. 5. c-src TK and lung metastasis, a, number of metastatic foci in lung 7 weeks after 
i.v. inoculation of MDA-231 cells (1 X 10 6 cells in 0.1 ml of PBS). The experiment was 
conducted twice using 10 mice for each group. Values represent mean ± SE. *, P < 0.001 
versus MDA-231 EV. b, overall survival curves estimated by Kaplan-Meier method for the 
mice inoculated with MDA-231 cells via tail vein. *, P < 0.05 versus MDA-23 1EV. 



PTH-rP (31). We, therefore, determined the effects of c-src TK on the 
PTH-rP production in MDA-23 1 cells. As demonstrated in Fig. la, 
MDAsrc527 cells produced significantly greater amounts of PTH-rP 
than MDA-23 1EV cells. On the other hand, MDAsrc295 showed 
significantly reduced PTH-rP production compared with MDA- 
23 1EV cells. It is likely that this decrease in PTH-rP production, in 
part, contributes to the reduced bone metastases in MDAsrc295 de- 
spite that the mitosis (Fig. 6a) and anchorage-independent growth 
(Fig. 6c) of MDAsrc295 were equivalent to MDA-23 1 EV. In addition, 
herbimycin A, an inhibitor of c-src TK (32), significantly reduced 
elevated PTH-rP production in MDAsrc527 cells (Fig. lb), suggesting 
an involvement of c-src TK in the regulation of PTH-rP production. 
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Fig. 7. Effects of c-src TK activity on PTH-rP production (a and b) and PTH-rP 
promoter activity (c and cf) in MDA-231 cells, a, c-src-transfected MDA-231 cells were 
cultured in serum-free medium for 48 h. PTH-rP concentration in the conditioned media 
was measured by IRMA and normalized for cell number. Values represent mean ± SE 
(n = 6). *, P < 0.001 veniw MDA-231 EV. In b. MDAsrc527 cells were treated with a 
c-src TK selective inhibitor, herbimycin A at 1 /xg/m! as described in the text, and PTH-rP 
concentration of the conditioned media was determined by IRMA. Values represent 
mean ± SE (/i = 3). *, P < 0.05 versus MDA-23IEV. f , P < 0.05 versus MDAsrc527 
without Herbimycin A. In c, PTH-rP promoter hooked with luciferase gene was tran- 
siently transfected into MDA-231 EV, MDAsrc 295, and MDAsrc527 cells. Twenty-four h 
after transfection, luciferase activity of the cell ly sates was determined. Values represent 
mean ± SE of luciferase activity corrected by cell number at the end of the culture period 
(„ = 4), *, p < 0.001 versus MDA-231 EV. In d, MDA-231 cells stably transfected with 
luciferase gene driven by PTH-rP promoter were cultured in serum-free media for 18 h 
and treated with TK inhibitors at indicated concentrations (ttg/ml) for 6 h. Data represent 
mean ± SE of luciferase activity corrected by protein concentration (/? = 3). *, P < 0.001 
versus untreated. 



Finally, we examined whether c-src TK regulated PTH-rP gene 
transcription using the reporter construct described in "Materials and 
Methods." Transactivation of PTH-rP promoter was significantly less 
in MDAsrc295 cells than MDA-231 EV cells (Fig. 7c). In contrast, 
MDAsrc527 cells showed up-regulated PTH-rP promoter activity. 
Furthermore, herbimycin A suppressed PTH-rP promoter activity in a 
dose-dependent manner (Fig. Id), whereas tyrphostin, an inhibitor of 
epidermal growth factor receptor TK, showed no effect. These data 
suggest that c-src TK regulates PTH-rP production in MDA-231 cells 
at transcriptional levels. 

DISCUSSION 

Bone is one of the commonest target sites of distant metastasis in 
breast cancer (12). However, the molecular mechanism by which 
breast cancer preferentially spreads to bone is poorly understood. In 
the present study, we examined whether c-src TK plays a specific role 
in bone metastasis in breast cancer. Our results demonstrate that the 
mutant c-src with constitutively active TK (src527) enhances and the 
mutant c-src with little TK activity (src295) decreases the develop- 
ment of osteolytic bone metastases in MDA-23 1 cells, respectively. 
Furthermore, we also found that a clone of MDA-231 cells that 
exclusively and aggressively metastasized to bone (MDA-231 BO 
cells) exhibited increased c-src TK activity compared with parental 
MDA-231 cells. These results suggest that c-src TK activity is posi- 
tively correlated with the capacity to develop bone metastases in the 
MDA-231 human breast cancer cells. However, because our data also 
show that MDAsrc295 cells develop reduced lung metastases com- 
pared with MDAsrcEV cells, it is likely that c-src TK activity does not 



play a specific role in bone metastases but affects nonbone metastases 
as well. 

Modulation of distant metastases of MDA-231 cells by c-src TK 
activity is largely attributable to changes in the cell growth. Histolog- 
ical examination revealed increased mitosis in MDAsrc527 cells 
compared with MDA-23 1EV, MDAsrcWT, and MDAsrc295 ceils in 
bone metastases. MDAsrc527 cells formed much larger tumors than 
MDAsrc295 in the orthotopic mammary fat pad. Furthermore, 
MDAsrc527 cells showed increased anchorage- independent growth 
compared with other MDA-231 cells in soft agar. Consistent with our 
data, previous studies have reported that microinjection of a neutral- 
izing anti-Src/Fyn/Yes antibody into mouse fibroblasts at G 2 phase 
blocks subsequent cell division (30) and that the expression of anti- 
sense cDNA for c-src decreases the growth of colon cancer cells in 
vitro and in vivo (33). Chk, which down-regulates c-src TK activity, 
has been shown to inhibit the growth of the human breast cancer cell 
line MCF-7 in vivo and in vitro (34). Taken together, it is suggested 
that increased osteolytic bone metastases of MDAsrc527 cells are 
attributable to the stimulation of cell proliferation in bone. Con- 
versely, reduced lung metastases in MDAsrc295 cells are likely at- 
tributable to decreased cell proliferation. 

Elevated production of PTH-rP, which is a powerful stimulator of 
osteoclastic bone resorption, also significantly contributes to in- 
creased bone metastases in MDAsrc 527 cells. Accumulating clinical 
(35-37) and experimental data, including ours (15, 17, 38), has shown 
that PTH-rP plays an important role in the development of osteolytic 
bone metastases in breast cancer. Our results show increased PTH-rP 
production in MDA-23 1 src 527 cells and reduced PTH-rP production 
in MDAsrc295 cells. Furthermore, our data also demonstrate that 
activation of PTH-rP gene promoter is controlled with c-src TK 
activity, which is consistent with an earlier report (31). Taken to- 
gether, it is suggested that c-src TK stimulates PTH-rP production at 
transcriptional levels in MDA-231 breast cancer cells, which in turn 
activates osteoclastic bone resorption, leading to the progression of 
osteolytic bone metastases. 

The mechanism by which c-src TK promotes PTH-rP production is 
currently unknown. Recent studies have reported that PTH-rP pro- 
duction in MDA-231 cells is increased by transforming growth 
factor-/3 through an activation of cytoplasmic signaling pathways, 
including Smad and MAP kinases (39), and that there is a cross-talk 
between c-src and MAP kinase (40). It is, therefore, possible that c-src 
TK stimulates PTH-rP production in MDA-231 cells through estab- 
lishing interactions with MAP kinase signaling pathways. 

The substrates for c-src TK that are involved in bone metastasis of 
MDA-231 cells were not determined in this study. It is notable that 
amplified expression of a cytoskeletal protein cortactin/EMSl, which 
is a relatively specific substrate for c-src TK (41-43), has been 
reported to be correlated with increased metastases (44) and poor 
survival in breast cancer patients (45, 46). Moreover, cortactin has 
been recently found to increase bone metastasis of MDA-23 1 cells in 
the same animal model as described here (47). Thus, cortactin/EMS 1 
is a likely candidate for a substrate for c-src TK that plays a role in 
bone metastasis in breast cancer. 

It should be noted that c-src TK is known to be essential for 
osteoclasts to resorb bone (48, 49). Osteoclasts play a central role in 
the development and progression of osteolytic bone metastases. These 
facts and our result that c-src TK activity is critical to bone metastasis 
in breast cancer cells collectively raise the possibility that inhibition of 
c-src TK in both osteoclasts and breast cancer cells suppresses bone 
metastases in an additive fashion (32, 50). Our results provide a 
support for this notion. 

In conclusion, we have shown that c-src TK activity modulates the 
capacity of MDA-231 human breast cancer cells to colonize in bone 
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and lung. Although extensive clinical studies are needed to clarify 
whether this is also the case in metastases in breast cancer patients, 
our results suggest that c-src TK is a potential molecular target for 
designing specific therapeutic interventions for the treatment of dis- 
tant metastases, particularly bone metastases, in breast cancer. 
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Activation of pp60 csrc is necessary for/| 
human vascular smooth muscle cell 
migration 

Leila Mureebe, MD, Peter R. Nelson, MD, Shinji Yamamura, MD, Joel Lawitts, PhD, and K. Craig Kent, 
MD, Boston, Mass. 

Background. The most widely distributed nonreceptor tyrosine kinase is pp6(JF mSrc (src), yet the role of this 
intracellular signaling protein in cell migration has not been defined. Given that smooth muscle cell 
(SMC) migration is essential for the development of intimal hyperplasia, we investigated the importance 
of src in locomotion of human vascular SMC. 

Methods. SMC migration was evaluated using a microchemotaxis chamber assay and videomicroscopy. 
Src kinase activity was determined by measuring phosphorylation of a synthetic derivative ofp34 cdc2 , a 
specific substrate for src. Blocking antibodies to src were introduced using a cytoplasmic microinjection 
technique. 

Results. Stimulation of SMC with platelet-derived growth factor (PDGF)-BB and AB resulted in an 
increase in src activation, whereas PDGF-AA did not consistently enhance src activity. These findings 
correlated with the ability of the PDGF isotypes to stimulate SMC chemotaxis; PDGF-BB and AB pro- 
duced 7.4 ± 0.3- and 5.3 ± 0.5-fold increases in SMC chemotaxis, whereas PDGF-AA inhibited chemo- 
taxis. SMC migration in response to PDGF-BB and serum was significantly inhibited by intracellular 
injection of a blocking antibody. 

Conclusions. Our findings reveal an association between agonist-induced src activation and chemotaxis. 
Moreover, an antibody that inhibits src activation dramatically inhibits migration of individual SMC 
We conclude that activation of src is necessary for SMC migration. Because of its importance in SMC 
migration, either molecular or pharmacologic inhibitors of src may be useful in the control of intimal 
hyperplasia. (Surgery 1997;122:138-45.) 
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Although arterial reconstruction is often suc- 
cessful in improving the quality of life in patients 
with peripheral vascular disease, at least 20% to 
25% of these reconstructions will fail or require 
revision within 5 years. Graft failures between 1 
month and 2 years are often related to hyperplas- 
tic lesions that develop within a graft or at its anas- 
tomosis with the native artery. 1 Prerequisite for the 
development of intimal plaque is the migration 
into the intima of vascular smooth muscle cells 
(SMCs) that normally reside in the medial layer of 
a vessel. 2,3 Although several agonists of SMC 
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migration have been defined, the intracellular 
pathways that are activated by these agonists have 
not been well elucidated. 

The protein pp60 CrSrc (src) is one of a few pro- 
tein tyrosine kinases that lacks an extracellular 
domain. This ubiquitous protein is the prototype 
and most widely distributed member of the src 
family of tyrosine kinases. Other family members 
include blk, fgr, fyn, hck, lck, lyn, yes, and yrk, 
although only src, fyn, and yes are widely 
expressed. The remaining proteins in this family 
are found mainly in cells of hematopoietic lin- 
eage. 4 The activity of this family of proteins is reg- 
ulated by "src homology" domains, which are pep- 
tide sequences that modulate attachment of src to 
other proteins. The SH2 domain regulates binding 
of src to phosphorylated tyrosine residues includ- 
ing the autophosphorylated platelet-derived 
growth factor (PDGF) and epidermal growth factor 
receptors. SH3 domains of src recognize proline- 
rich domains in other proteins. 
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Fig. 1. SMC chemotaxis in response to PDGF isotypes. SMC chemotaxis was measured in response to PDGF- 
AA, -AB, and -BB (5 ng/ml). Results are expressed as fold-increase over unstimulated control ± SD. 
Experiments were performed in triplicate and repeated multiple dmes with cells from different lines. Data 
from a representative experiment are shown. *p< 0.05 from control. 



Table I. Effect of IgG and anti-src microinjection on human SMC migration 



Stimulus 


Injectate 


Total distance 


Net distance 


% Motile cells 


PDGF-BB 


IgG 


243.68 ±231.71* 


192.38 ± 155.05* 


88 




anti-src 


27.69 ± 52.60 


24.43 ± 43.66 


29 


10% Serum 


IgG 


146.78 ± 138.88* 


106.88 ±89.75* 


80 




anti-src 


11.40 ±21.97 


11.40 ±21.97 


43 


Unstimulated 


"IgG 


106.02 ± 106.68* 


68.02 ± 64^80* " 


90 




anti-src 


14.82 ±32.37 


14.82 ±32.27 


20 



Net migration, total migration, and percent motility were caJculated for each experiment. Representative data are shown. Values are expressed in 
micrometers as average ± SD. Experiments were repeated using multiple cell lines with similar findings. *p £ 0.05 from anti-src injected cells. 



Thus far, src has been implicated convincingly in 
the signaling pathway leading to cellular prolifera- 
tion. Src family kinases are required for the mito- 
genic response to PDGF. The kinase activity of src 
has been shown to increase during mitosis, 5 and 
absence of kinase activity has been shown to block 
PDGF-mediated entry of cells into the S phase of 
the cell cycle. 6 A dominant-negative form of src 
(structurally similar, but lacking kinase activity) 
associated with the PDGF receptor, but did not lead 
to mitosis in cells stimulated with PDGF. 7 Moreover, 
an antibody that inhibited the kinase activity of src 
prevented mitosis in response to PDGF. 7 



Several observations suggest that there may be 
an association between src and migration. Src has 
been localized to focal adhesions, which are mem- 
brane-associated complexes of proteins that bind 
actin filaments and are essential for cell migration. 
Various members of the focal adhesion complex 
are activated by phosphorylation on tyrosine 
residues, and several of these proteins— cortactin, 
paxillin, and pl25 FAK — have been identified as sub- 
strates for src. Moreover, PDGF-BB, which is known 
to activate src in addition to being a potent SMC 
mitogen, also promotes SMC migration. 

We therefore postulated that src activation 
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Fig. 2. The ppfHF" 5 * kinase activity in response to PDGF isotypes. Results are expressed as fold-increase com- 
pared to unstimulated control ± SD. Experiments were performed in duplicate and repeated multiple 
times. Data from a representative experiment are shown. *p < 0.05 from control. 



might facilitate or be required for SMC migration. 
To further explore this hypothesis, we evaluated 
whether SMC agonists stimulate src activity in a 
manner that parallels their ability to stimulate SMC 
chemotaxis. We then evaluated the effect of cyto- 
plasmic injection of an antibody known to block src 
activity on SMC migration. Our findings delineate 
a role for src in the signaling pathways leading to 
SMC migration and consequently in the develop- 
ment of intimal hyperplasia. ■ 

MATERIAL AND METHODS 

General material. Dulbecco's modified Eagle's 
medium (DMEM), phosphate-buffered saline 
(PBS), fetal bovine serum, trypsin-ethylenedi- 
aminetetraacetic acid (EDTA), penicillin/strepto- 
mycin/fungizone solution, L-glutamine, and 
HEPES were obtained from Gibco BRL Life tech- 
nologies (Gaithersburg, Md.). Smooth muscle spe- 
cific actin staining kit was purchased from Sigma 
Chemical Company (St. Louis, Mo.). Polycar- 
bonate 8 mm-pore membranes were from Poretics 
Corporation (Livermore, Calif.). Human recombi- 
nant PDGF-AA, -AB, -BB, antibody against pp60 c * rc , 
src kinase substrate (residues 6-20 of p34 cdc2 ), and 
rabbit immunoglobulin G were obtained from 
Upstate Biotechnology (Lake Placid, N.Y.). 
Inhibitory antibody to ppSO 0 " 51 ^ used for microin- 



jection was obtained from Santa Cruz Biotech- 
nologies (Santa Cruz, Calif.) 8 Protein A-Sepharose 
(PAS) was obtained from Pharmacia Biotech 
(Uppsala, Sweden). Y- 32 P-ATP (6000 Ci/mmol) was 
obtained from DuPont-New England Nuclear 
(Boston, Mass.). 

Cell culture. Human SMCs were harvested from 
explants of remnant portions of saphenous veins 
intended for aortocoronary or peripheral bypass as 
previously described. 9 Sections of saphenous vein 
were opened lengthwise, and the endothelial and 
adventitial layers were gendy removed. Fragments 
of the medial layer were placed into tissue culture 
dishes, and outward-growing SMCs were harvested 
and subcultured. Cells were maintained at 37° C 
and 5% C0 2 in DMEM supplemented with 10% 
FBS, 25 mmol/L HEPES, 40 units/ml penicillin G, 
40 mg/ml streptomycin, 100 ng/ml amphotericin 
B, and 4.8 mmol/L L-glutamine. Cells in passages 
2 through 5 were used for all experiments. SMC 
identity was confirmed by immunostaining with 
anti-human a-actin antibody and by observing the 
characteristic hill and valley growth pattern. 

Measurement of chemotaxis. SMCs were grown to 
confluence and then made quiescent in serum-free 
media for 72 hours. Cells were washed in PBS and 
harvested using 0.05% trypsin-EDTA and resuspend- 
cd in serum-free DMEM. Migration was assayed for 4 
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hours at 37° C in a 48-well microchemotaxis chamber 
(Neuroprobe, Cabin John, Md.), with upper and 
lower wells separated by polycarbonate 8 mm-pore 
membranes. SMCs were seeded at a density of 50,000 
cells/well (6000 cells/mm 2 ) in the upper wells of the 
chamber. The appropriate soluble agonists diluted in 
DMEM were added to the lower wells. The vehicle 
for PDGF in serum-free DMEM was used as control. 

Microinjection. Confluent SMCs were seeded 
onto 60 mm culture dishes marked with a 2 x 2 mm 
grid (Corning Glass Works, Corning, N.Y.) and 
allowed to grow to confluence. Cells were placed in 
serum-free media for 12 hours before injection. 
Borosilicate capillary tubes (IMCS; outer diameter, 
1 mm) (Narishige, Tokyo, Japan) were sized for 
injection using a programmable model P-87 
Flaming/Brown micropipette puller (Sutter 
Instrument Company, Novato, Calif.) and beveled 
to 25 to 30 degrees. 10 Pipette tips were individually 
calibrated to a threshold pressure of 120 to 140 
kPa, which correlates to an inner diameter of 0.6 to 
0.8 Jim. Cytoplasmic injections were performed 
under 400x magnification using an IM 300 
microinjection/manipulation system (Narishige, 
Tokyo, Japan) on a Diaphot 300 inverted micro- 
scope equipped with Hoffman modulation optics 
(Nikon Corporation, Tokyo, Japan). Two adjacent 
grids were selected, and all cells within these grids 
were injected, one with the anti-src antibody, and 
the other with immunoglobulin G (IgG). Injection 
success was determined by the presence of a "flow 
wave" within the cytoplasm, extending from the site 
of injection to the periphery of the cell. 

Videomicroscopy. After injection of two adja- 
cent grids, one with anti-src and one with IgG, a 
razor blade was used to create a linear injury 
through both grids. Videomicroscopy was accom- 
plished through use of a Diaphot inverted phase- 
contrast microscope (Nikon Corporation) coupled 
to a high resolution black and white CCD camera 
(model CV-252; Aims Technology, Bronx, N.Y.), a 
12-inch monitor (model BWM12A; Javelin 
Electronics, Torrance, Calif.), and a time-lapse 
video recorder (model TLC1400; GYYR, Anaheim, 
Calif.). Temperature was maintained at 37° C by a 
heated stage insert (model A-50; Fryer Company, 
Carpentersville, 111.). C0 2 was maintained by cover- 
ing the medium with a thin layer of sterile mineral 
oil and sealing the culture plate with parafilm imme- 
diately after injection. Images were recorded at 7.2 
frames per minute for 24 hours. Migration distance 
was measured using NIH-Image version 1.60 (public 
domain software, available via anonymous file trans- 
fer protocol at ftp://zippy.nimh.gov/pub/image/) 
after acquiring images through a scientific frame 



grabber board (Scion LG3; Scion Corporation, 
Frederick, Md.) on a Power Macintosh 7500/100 
(Apple Computer Corporation, Cupertino, Calif.). 
Src kinase assay 

Immunoprecipitation. Confluent cultures of human 
vascular SMCs were stimulated with agonists as 
indicated and reactions halted by twice rinsing with 
iced PBS. Cells were incubated in modified 
radioimmunoprecipitation assay buffer (150 
mmol/L NaCl, 50 mmol/L Tris-HCl pH 7.5, 1% 
NP-40, 0.25% sodium deoxycholate, 1 mmol/L 
phenylmethylsulfonyl fluoride, 2 mmol/L EGTA, 
50 mg/ml leupeptin, 0.5% aprotinin) for 20 min- 
utes at 4° C. Cell lysates were collected into micro- 
centrifuge tubes, vortexed, and centrifuged at 4° C 
for 20 minutes. Protein concentration was mea- 
sured and equalized for all samples. Cell lysates 
were coincubated with src antibody (1 |Ltg anti- 
body/100 mg protein) overnight, with shaking fol- 
lowed by the addition of PAS for 2 hours. The PAS- 
antibody-src conjugate was washed three times in 
modified radioimmunoprecipitation assay buffer 
and twice in 150 mM NaCI, 50 mmol/L Tris-HCl 
and then used in the immunocomplex kinase assay. 

Immunocomplex kinase assay. Samples of immu no- 
precipitated src were used for in vitro kinase assays. 
This assay measures the ability of src to catalyze the 
phosphorylation of a synthetic derivative of 
p34 cdc2 , which has been shown to be an efficient 
substrate for human platelet pp60 csrc . n The 
immunoprecipitated pellet was resuspended in an 
equal volume of kinase buffer (Tris-HCl 100 
mmol/L, pH 7.0, EGTA 0.4 mmol/L, Na 3 V0 4 0.4 
mmol/L, magnesium acetate 40 mmol/L), src 
kinase substrate (residues 6-20 of p34 cdc2 , 1.5 
mmol/L final concentration) , and a 9:1 ratio of 0.5 
mmol/L ATP, 40 mmol/L manganese chloride to 
y_32p £yj> Aft er \q minutes, this reaction was ter- 
minated with 40% trichloroacetic acid. The reac- 
tion mixture was blotted onto phosphocellulose 
and counted in a scintillation counter. Differences 
were expressed as fold-increase over control 
(unstimulated) values. 

RESULTS 

Effect of PDGF isotypes on SMC chemotaxis. 

To investigate a possible association between src 
activation and SMC migration, we stimulated SMCs 
with agonists that have a differential effect on SMC 
chemotaxis and then searched for a similar differ- 
ential in the ability of these agonists to stimulate src 
activity. We used as agonists for these studies the 
three isotypes of PDGF because of their known 
potential to differentially stimulate SMC chemo- 
taxis. 12 A 4-hour microchemotaxis chamber assay 
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revealed that 5 ng/ml of PDGF-BB and AB stimu- 
lated, respectively, a 7.4 ± 0.3- and 5.3 ± 0.5-fold 
increase in SMC chemotaxis (Fig. 1). This differ- 
ence was statistically significant. PDGF-AA dimin- 
ished chemotaxis to levels below control (0.64 ± 
0.3-fold decrease, p < 0.05). Thus, there exists a 
hierarchy in the ability of the PDGF isotypes to 
stimulate SMC locomotion (PDGF-BB > AB > AA). 

Effect of PDGF isotypes on activation ofppeO 0 ^. 
We evaluated the potential for the three isotypes of 
PDGF to stimulate activation of src as measured by 
their ability to promote phosphorylation of a pep- 
tide sequence of p34 cdc2 . Both PDGF-BB and AB 
increased src activity in SMCs (Fig. 2). PDGF-BB 
increased src activity to the greatest degree (3.97 ± 
0.71-fold), followed by PDGF-AB (3.17 ± 0.4-fold) 
(representative data). In some experiments this dif- 
ference was statistically significant and in others it 
was not. PDGF-AA either did not stimulate src activ- 
ity or stimulated src to a minor degree (0.56 ± 0.21- 
fold) (representative data). Thus, we found a gross 
correlation between src activation and the ability of 
SMC agonists to stimulate chemotaxis. 

Effect of blocking ppGO 0 ^ antibodies on SMC 
migration. An antibody against the carboxy termi- 
nal portion of src was introduced into SMCs using 
the microinjection technique as described in 
Material and Methods. After injection and injury, 
SMCs were stimulated with PDGF-BB (5 ng/ml) for 
24 hours and cell movement was constantly moni- 
tored with videomicroscopy. Several different para- 
meters of migration were measured including (1) 
the total distance migrated, calculated by measur- 
ing the actual course of each cell; (2) the net dis- 
tance migrated, calculated by drawing and measur- 
ing a straight line between the origin and terminal 
location of each migrating cell; and (3) the percent 
motility, the percentage of cells that moved during 
the 24-hour period of study. After stimulation with 
PDGF-BB, there was significantly greater migration 
in cells injected with IgG than in those injected 
with anti-src antibody, as assessed by all three para- 
meters (Table I). These differences were dramatic 
and consistent in experiments using cells derived 
from multiple saphenous veins. Injection with the 
anti-src antibody diminished migration below con- 
trol levels in unstimulated SMCs. Anti-src antibody 
also inhibited migration of cells stimulated by 10% 
serum (Table I). 

DISCUSSION 

In these studies, we have explored a potential 
relationship between the nonreceptor tyrosine 
kinase src and migration of human vascular SMC. 
Using the isotypes of the PDGF as agonists, we first 



evaluated whether there might be a parallel 
between src activity and the ability of SMCs to 
migrate. We and others have shown that the iso- 
types of PDGF have a differential ability to stimu- 
late SMC chemotaxis. 12 As demonstrated in Fig. 1, 
PDGF-BB and AB both stimulate chemotaxis; the 
effect of PDGF-BB was consistently greater than 
that of AB. PDGF-AA, however, inhibited SMC 
chemotaxis to levels below baseline. Using a syn- 
thetic fragment of p34 cdc2 as a substrate, we mea- 
sured src activation in response to these same iso- 
types. 11 PDGF-BB stimulated sre-kinase to levels 
fourfold greater than control. The activity of src 
after stimulation with PDGF-AB was usually some- 
what less than that of BB, although this difference 
was not always statistically significant. PDGF-AA 
produced either no or a slight increase in src activ- 
ity. Thus the ability of the PDGF isotypes to stimu- 
late SMC chemotaxis paralleled their ability to acti- 
vate src, suggesting a possible association between 
these two events. 

To our knowledge, this is the first report of a dif- 
ferential effect of the PDGF isotypes on src activity. 
The explanation for this varied response is not 
clear but may be related to interaction of these iso- 
types with the PDGF receptor. The PDGF receptor 
is an ct/p dimer of which there are three possible 
combinations — Ota, aP, or pp. The interaction 
between the three PDGF ligands and these dimers 
is specific in that PDGF-BB binds to all three recep- 
tors, PDGF-AB binds to the oca and ap dimers, and 
PDGF-AA binds only to the aa receptor. Our previ- 
ous findings that PDGF-AA is a potent agonist of 
human vascular SMC proliferation verify that the 
aa receptor is present on these cells. 

Other investigatiors have shown that the p sub- 
unit of the PDGF receptor binds and activates 
src 13-15 However, it is not known whether the a 
component of this receptor interacts with src. 
Because PDGF-AA activates only the aa receptor 
and we have found that PDGF-AA has little or no 
potential to activate src, it can be surmised that 
either the a subunit of the PDGF receptor does not 
bind or activate src or the degree of activation of 
src by the a subunit is significantly less than that of 
the P subunit. Specific binding studies will be nec- 
essary to verify this hypothesis. 

To measure more directly the effect of src on the 
migration of human SMCs, an inhibitory anti-src 
antibody was microinjected into human vascular 
SMCs. Individual cells were then observed using a 
videomigration assay. Introduction of this antibody 
consistently led to a decrease in the migration of 
SMCs as measured by a variety of different parame- 
ters. Injection of nonspecific IgG did not inhibit 
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migration; thus this effect was related to the speci- 
ficity of the antibody to src. We can conclude from 
these observations that activation of src is necessary 
for SMC migration. 

The role of src in cell migration has been previ- 
ously investigated in other vascular cells. Garfmkel 
et al. 19 found that senescent human umbilical vein 
endothelial cells (ECs) had diminished ability to 
proliferate and migrate in response to fibroblast 
growth factor as compared to their younger coun- 
terparts. These investigators also found that both 
tyrosine phosphorylation and the kinase activity of 
src were diminished in senescent versus earlier pas- 
sage cells. They proposed that these two events 
were related and that the decreased migratory and 
proliferative response of senescent ECs to fibrob- 
last growth factor may in part be due to decreased 
activity of src. 19 Bell et al. 20 found that angiotensin 
inhibited SMC migration and postulated that this 
effect might be mediated through suppression of 
src. Inhibitors of angiotensin simultaneously 
increased src activation and EC migration. 
Moreover, overexpression of src in EC enhanced 
the ability of cells to migrate. These authors also 
observed increased levels of urokinase-like plas- 
minogen activator (u-PA) in ECs overexpressing 
src. Plasminogen, which is produced in response to 
u-PA, is believed to regulate SMC migration by 
lysing the extracellular matrix, thereby creating a 
pathway through which the cell can move. Their 
data suggest that src overexpression might increase 
cellular migration by increasing the expression 
and/or production of u-PA. 

The interaction of src with the focal adhesion 
might offer an alternative "intracellular" hypothe- 
sis for its effect on SMC migration. Focal adhesion 
contacts are regions adjacent to the cell membrane 
in which actin filaments, cytoskeletal proteins, inte- 
grins, and the extracellular matrix proteins inter- 
act. These focal contacts are necessary for mainte- 
nance of the structure of the cell, as well as for cell 
attachment. Migration is cyclic process in which 
forward movement of a cell requires detachment 
and reattachment of the basal surface of a cell to 
the extracellular matrix. Detachment requires dis- 
assembly and attachment requires assembly of focal 
adhesion contacts. Thus reorganization of the focal 
adhesion complex is necessary for cell migration. 
Src appears to be integrally involved with focal 
adhesions. After platelet stimulation by thrombin, 
src undergoes redistribution from the membrane 
to the cytoskeleton. 21 Src also associates with the 
cytoskeleton in a glioblastoma cell line after PDGF 
stimulation. 15 Moreover, src induces cytoskeletal 
reorganization in epithelial cells. 22 The focal adhe- 



sion complex is composed of multiple proteins, 
many of which are also tyrosine kinases. Src has 
been found to associate with and phosphorylate at 
least three of these proteins — the focal adhesion 
kinase (pl25 FAK ), 23 cortactin, 24 and paxillin. 25 
Thus, src activation may influence migration by 
aiding the dissolution and reformation of focal 
adhesion complexes. 

We have demonstrated the necessity of src in 
SMC migration using a cytoplasmic microinjection 
technique. This is an attractive method for investi- 
gating signal transduction pathways involved in 
SMC migration because the behavior of single cells 
can be altered, and the pattern and course of 
migration of these individual cells can subsequent- 
ly be monitored. The injection technique that we 
used is minimally injurious to human SMCs and 
allows for rapid simultaneous exposure of multiple 
cells to inhibitors or agonists of intracellular 
processes. Cytoplasmic injection bypasses the need 
to permeabilize cells, a process that can be injuri- 
ous to cells and alter their behavior. The addition 
of continuous videomicroscopy allows for direct 
visualization of physiologic processes such as migra- 
tion and proliferation. 

In conclusion, we have found a strong correla- 
tion between src activation and SMC chemotaxis. 
The isotypes of PDGF stimulate chemotaxis in a 
pattern similar to their effect on src activation. We 
have additionally demonstrated that src activity is 
necessary for SMC migration. The exact position of 
src in the signaling pathway that mediates migra- 
tion is still unclear. However, because src appears to 
be necessary for cellular migration and prolifera- 
tion, both of which are prerequisite to the devel- 
opment of intimal hyperplasia, this signaling pro- 
tein may be a useful and specific target for 
inhibitors of this process. 
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DISCUSSION 

Dr. Colleen M. Brophy (Augusta, Ga.). I have a few 
specific questions for the investigators. First, can you pro- 
vide us with any information about the temporal associa- 
tions between PDGF stimulation, src kinase activation, 
and chemotaxis? Is src kinase activation a transient or 
sustained event after PDGF activation, and/or does it 
require persistence of the PDGF stimulation to maintain 
activation? Second, I have some concerns about using 
antibodies to block specific intracellular events. Have 
you tried any control antibodies other than nonspecific 
IgGs? For example, have you tried blocking with other 
antibodies against different types of tyrosine kinases so 
that you can specifically implicate src kinase? Is the anti- 
body actually blocking the kinase activity, or is it blocking 
kinase movement within the cell or some other effect of 
the kinase? Have you been able to show that that anti- 
body blocks kinase activity in your in vitro kinase activity 
studies? Finally, have you been able to identify any spe- 
cific substrates of src kinase that may be implicated in the 
chemotactic process? I agree with your conclusion that 
the focal point for cellular movement or migration is at 
the focal adhesion bodies. Is pl25 FAK or paxillin the spe- 
cific substrate that is actually modulating this process? 

Dr. Mureebe. In answer to the first question about the 
timing of src activation in SMC migration, from our stud- 
ies we cannot determine this. We used 10 minutes of 
PDGF stimulation for our kinase assays. It has been 
shown in other cell types that PDGF-induced stimulation 
of src is transitory. Activity peaks at about 5 to 10 min- 
utes. This is followed by a plateau of activity that is sig- 
nificantly less than the twofold to fourfold increase 
found after 10 minutes of stimulation. In response to the 
question regarding the actual function of the antibody 
we have used, we are confident that this is an antibody 
that is specifically against src. Whether it actually affects 
the kinase activity or the trafficking of src is still unclear. 
In response to your final question regarding the sub- 
strates of src, we currently have not looked at any down- 
stream substrates of src. Other groups have shown that 
src is partly responsible for the hyperphosphorylation of 
paxillin in cells transformed with the viral homologue, v- 

STC. 

Dr. Timothy J. Yeatman (Tampa, Fla.). I was 
intrigued by the slide that showed that after PDGF stim- 
ulation, there was perinuclear association of src. That 
seems to contradict what I know about it. Have you 
investigated whether the antibody blocked src associa- 
tion with the plasma membrane? In other words, did it 
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block the myristoylation site in association with the plas- 
ma membrane and therefore block its activity? 

Dr. Mureebe. We have not looked at whether the anti- 
body used for microinjection blocks the myristoylation 
site of src. The antibody binds near the carboxyl termi- 
nus, not at the N-terminal myristoylation site, which is 
where src attaches to the cell membrane. However, we 
are planning to evaluate whether the antibody will block 
the nuclear translocation of src. 



Dr. J. Jeffrey Alexander (Cleveland, Ohio). I was 
interested in your selection of SMCs from saphenous 
vein. Could these same results be expected from arterial 
SMCs, which may be a more clinically relevant cell type? 

Dr. Mureebe. We chose saphenous vein SMCs because 
of the frequent use of saphenous vein as bypass conduit. 
Other groups have used bovine aortic ECs in studies that 
implicate src in the signaling pathways, leading to migra- 
tion. We have not yet looked at arterial SMCs. 
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